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We perform hydrodynamical and nucleosynthesis calculations of core-collapse supernovae 
(SNe) and hypernovae (HNe) of Population (Pop) III stars. We provide new yields for the 
main-sequence mass of Mms = 13 — 50 Mq and the explosion energy of E = 1 — 40 x 10 51 
ergs to apply for chemical evolution studies. Our HN yields based on the mixing-fallback model 
of explosions reproduce the observed abundance patterns of extremely metal-poor (EMP) stars 
(-4 < [Fe/H] < -3), while those of very metal-poor (VMP) stars (-3 < [Fe/H] < -2) are 
reproduced by the normal SN yields integrated over the Salpeter initial mass function. More- 
over, the observed trends of abundance ratios [X/Fe] against [Fe/H] with small dispersions for 
the EMP stars can be reproduced as a sequence resulting from the various combination of Mms 
and E. This is because we adopt the empirical relation that a larger amount of Fe is ejected by 
more massive HNe. Our results imply that the observed trends with small dispersions do not 
necessarily mean the rapid homogeneous mixing in the early galactic halo at [Fe/H] < —3, but 
can be reproduced by the "inhomogeneous" chemical evolution model. In addition, we examine 
how the modifications of the distributions of the electron mole fraction Y e and the density in the 
presupernova models improve the agreement with observations. In this connection, we discuss 
possible contributions of nucleosynthesis in the neutrino-driven wind and the accretion disk. 
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1. INTRODUCTION 

The first metal enrichment in the universe was 
made by the supernova (SN) explosions of popu- 
lation (Pop) III stars. Despite the importance of 
Pop III stars in the evolution of the early universe, 
their properties are still uncovered. The main is- 
sues is the typical masses of Pop III stars. Some 
studies have suggested that the initial mass func- 



tion (IMF) differs from the present day IMF (e.g. , 
top-heavy IMF; Nakamura fe Umemura 1999; 



Bromm fe Larson 



20041 ) and that a large num- 



ber of stars might be so m assive as to explode 
as pa ir-instability SNe (e.g., IWasserburg fe Qian~l 
2000h . On the other hand, |TjmfijnsonJ 12006) 
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suggested an IMF that is peaked in the range of 
massive stars that exploded as core-collapse SNe. 

In the early universe, the enrichment by a sin- 
gle SN can dominate the preexist ing metal con- 
tents (e.g., lAudouze fe Silk Ifl995h . The Pop III 
SN shock compresses the SN ejecta consisting of 
heavy elements, e.g., O, Mg, Si, and Fe, and the 
circumstellar materials consisting of H and He, 
and thus the abundance pattern of the enriched 
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gas may reflect nucleosynthesis in the SN. The SN 
compression will initiate a SN-induced star for- 

~ 1994 



mation (e.g. 



Cioffi et al 



Shigevama &: Tsujimoto 1 119981 ) and the second 



1988; Ryan et al 



generation stars will be formed from the enriched 
gas. Among the second generation stars, low mass 
(~ 1M Q ) stars have long life-times and might be 
observed as extremel y metal-poor (EMP) star s 
with [Fc/H] < -3 (|Beers fc Christliebl l200fit ). 
(Here [A/B] = \og 10 (N A /N B ) - log lo (iV A /7V B ) 0; 
where the subscript refers to the solar value and 
JVa and Nb are the abundances of elements A and 
B, respectively.) Therefore the EMP stars should 
conserve the nucleosynthetic results of the Pop III 
SN and can constrain the yields of the SN. 

The elements ejected by various SNe are grad- 
ually mixed and the abundance patterns of the 
Galaxy becomes homogeneous with time. The 
abundance patterns of the newly formed stars re- 
flect averaged nucleosynthesis over various SNe. It 
is important to know when the transition from in- 
homogeneous to homogeneous mixing occurs. The 
timing of this transition can be informed from 
chemica l evolution calculat ions with hierarchical 
models; Argast et al. ( 20001 ) has suggested that a 
halo ISM is unmixed and inhomogeneous at [Fe/H] 
< —3.0, intermediate between unmixed and well 
mixed at —3.0 < [Fe/H] < —2-0, an d well mixed at 
[Fe/H] > -2.0; iTumlinson I (|2006l ) has suggested 
that the mean number of reflected SNe is 10 at 
[Fe/H] ~ -2.8. 

The previ ous observations ( e.g., Mc William et 
al. 1995a.b; iRvan et al.lll995 lMcWilliamlll997l ) 
provide the abundance patterns of the EMP stars 
that show interesting trends of elemental abun- 
dance ratios [Cr/Fe], [Mn/Fe], [Co/Fe], [Zn/Fe] 
with decreasing [Fe/H], although dispersions are 
rather large. These trends, except for the absolute 
values of some elements, can be explained by the 
differences of the progenitors' masses and the ex- 
plosion energies assuming the S N-induced star for- 
mation (Nakamura et al. 19991; Umeda & Nomoto 



2002a, 2005, hereafter |UN02a|, [UNQl) 

Recent observations for —4 < [Fe/H ] < — 2 by 
Cayrel et al. (2004, hereafter [CAOJ) confirmed 
these trends shown by the previous studies with 
much smaller dispersi ons (se e, however Honda 
et al. 2004, hereafter lHO04 for the difference 
in [Cr/Fe] at -3 < [Fe/H] < -2), except for 
much flatter trends of [Mg/Fe] and [Mn/Fe] than 



the p revious studies. |CA04| and iFrancois et al 
((2004J) suggested the following interpretation of 
the observed small dispersions: the elements have 
been already mixed homogeneously in the halo 
even below [Fe/H] < — 3 and the trends are due 
to the difference of the lifetime of progenitors 
with different masses. Homogeneous mixing is re- 
quired because previous SN yields that have been 
used [e . g., Woosley fc Weaver (199 5, hereafter 



WW95f l; iNomoto et alJll997: IUN02al and Chieffi 
& Limongi (2002, hereafter ICL021 )] show a large 
scatter in [a/Fe] (where a represent s a-elements 
for e xample, O, Ne, Mg, Si, e.g., lArgast et al 



2002) 



However, this interpretation may not be con- 
sistent with the Galactic chemical evolution mod- 
els that suggest i nhomogeneous mixing in such 
early phases (e.g., Argast et al. 2004 Tumlinson 



2006). Also, r-process nuclei ob served in the EMP 



stars show too large scatters ( McWilliam _ 19981 
Burris et alj |2004 (Norris et all l200ll IH004| ) to 



be reproduced by the homogeneous mixing model 
([ishimaru et al.ll2004l ). unless there exist a major 
site of r- process synthesis o ther than SN explo- 
sions (see Argast et al. 2004L who concluded core- 
collapse SNe are more preferable sites of r-process 
elements than neutron-star mergers). 



In the regime of inhomogeneous mixing, IUN05 
have succeeded to reproduce the observed trends 
of the ratios, [Cr/Fe], [Mn/Fe], [Co/Fc], and 
[Zn/Fe], as a result of chemical enrichment of 
various SN models including hyper-energetic ex- 
plosions (E 51 = £yi0 51 ergs > 10: hypernovae, 
hereafter HNe). In their approach, variation of 
E and the mix ing-fallback process are important 
(|UN02al : IUN05l) . The mixing-fallback model can 
solve the disagreement between Jq/Fe] and [(Fe- 
peak element) /Fe] (e.g., WW95I: iNakamura et al 



Traditionally, core-collapse SNe were consid- 
ered to explode with E 51 ~ 1 as SN 1987A 
dBlinnikov e t alj |2000l), SN 1993J (INomoto et al 



19931) . and SN 19941 (|Nomoto et al.lll994h before 
the discoveries of HNe SN 1997ef (jlwamoto et al.l 
2004 iMazzali et al~ll2000h and SN 1998b w (Patat 



er al. 



2001; 



Nakamura et al.l l2001al ). After 



these discoveries, the number of Pop I HNe 
has been increasing, and the association with 
gamma-ray bursts (GRBs) has been established 
as GRB 980425/SN 1998bw (Galama et al. 1998; 
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Iwamoto et al. 1998; Woosley et al. 1999; Naka- 
mura et al. 2001a), GRB 030329/SN 2003dh 
(Stanek et al. 2003; Hjorth et al. 2003; Matheson 
et al. 2003; Mazzali et al. 2003; Lipkin et al. 2004; 
Deng et al. 2005), and GRB 031203/SN 20031w 
(Thomsen et al. 2004; Gal- Yam et al. 2004; Cobb 
et al. 2004; Malesani et al. 2004; Mazzali et al. 
2006a) . Though it is an interesting issue how much 
fraction of the core-collapse SNe explode as HNc 
(e.g., Podsiadlowski et al. 2004), non- negligible 
number of HNe occurred at least at present days. 

Nucleosynthesis in HNe is characterized by the 
large amo unt of 56 Ni production (M( 56 Ni) > 
0.1, e.g., iNakamura et al. 2001al ). Two sites 
of 56 Ni synthesis have been suggested : the 



shocked stellar core (e.g ., INakamura et al.ll2001a ; 
Maeda fe Nomotol 12003 ) and the accretion disk 
surrounding the central black hole (e.g., Mac- 
Fadyen & Woosley 1999). We investigate the 
former site because the light curve and spec- 
tra of SN 1998bw favor th e 56 Ni synthesis in 



the shocked stellar core ([Maeda et al 
Maeda fe Tominagal[2007h . 



2006al lbl: 



In this paper, we construct core-collapse SNe 
models of the Pop III 13 - 50 M Q stars for various 
explosion energies of E = 1 — 40 x 10 51 ergs. By ap- 
plying the mixing-fallback model to the HN mod- 
els, we show that the yields of these Pop III SNe 
and HNe are in good agreements with the observed 
abundance patter ns and trends with reasonably 
small dispersions (|CA04| ; IHO041 ). We do not con- 
sider pai r-instability SNe because previous studies 
(IUN02al : Umeda & Nomoto 2003, hereafter [UNol; 
UN05I ) found that there has been no evidence of 
the pair-instability SN abundance patterns in the 
EMP stars, although they might have existed be- 
fore our galaxy become m etal-rich-enough to form 
low-mass stars (see also lOhkubo et al. 2006 for 
core-collapse very massive stars). 

In § H we describe our progenitor and explo- 
sion models. In § [3J we show that the abundance 
patterns of the EMP stars are reproduced by HN 
models and that the abundance patterns of the 
VMP stars are reproduced by normal SN mod- 
els or an IMF-integrated model. In § [4] we show 
that the trends with small dispersions can be re- 
produced by Pop III SN models with various pro- 
genitors' masses and explosion energies assuming 
a SN-induce star formation. The scatters in our 
models are almost consistent with the observed 



ones. In § [5l we examine how the agreements of 
Sc/Fe, Ti/Fe, Mn/Fe, and Co/Fe are improved by 
modifying the distributions of the neutron-proton 
(n/p) ratio and the density in the presupernova 
models. In §[51 summary and discussion are given. 

2. EXPLOSION MODELS 

The calculation method and other assumptions 
are the s ame as d e scribed in U meda et al. (2000, 
hereafter lUNNOOh . IUN02aL and IUN05I . The iso- 
topes in the reaction network for explosive nuclear 
burning include 280 species up to 79 Br as in 
We calculate the evolutions of Pop III progenitors, 
whose main-sequence masses are Mms = 13, 15, 
18, 20, 25, 30, 40, 50 M Q , and their SN explosions 
as summarized in Table [T] The mass loss rate from 
stars with met allicity Z is assum ed to be propor- 
tional to Z 5 (|Kudritzkil[2000h . so that Pop III 
Z = models experience no mass loss. SN hy- 
drodynamical calculations include nuclear energy 
generation with the a-network. The yields are ob- 
tained by detailed nucleosynthesis calculations as 
a post-processing. 

2.1. Energy Injection 

There are various ways to simulate the explo- 
sion. For example, ICL02I assumed an approxi- 
mate analytic formula to describe the radiation- 
dominated shock, although t heir recent model- 
ing a pp lied full hydr odynamics (iLimongi fe C hicfB 
l2003h . IWW95I and iLimongi fe Chiefnl (|2003l) ~nv 
jected energy as a piston. Their piston model 
could mimic the time delay until the deposited en- 
ergy by neutrino reaches a critical value. However, 
since the explosion mechanism of core-collapse 
SNe have not been well uncovered, one still does 
not know what is the most realistic way to in- 
ject explosion energy. Further, the yields do not 
strongly depend on how to generate the shock 
(jAufderheide et aL 1991 ). Therefore, in our cal- 
culation, the explosion is initiated as a thermal 
bomb with an arbitrary explosion energy, i.e., we 
elevate temperatures of an inner most region of 
the progenitor. 

2.2. Normal Core-Collapse Supernovae 
and Hyper novae 

We determine the explosion energy with refer- 
ring to the relation between the main-sequence 



3 



mass and the explosion energy (Mms — E) as 
obtained from observations and models of SNe 
(Fig. Hk). This relation is obtained from Pop 
I SNe, but we assume that the same Mms — 
E relation holds for Pop III SNe because the 
Fe core masses are rough ly the s ame between 
Pop I and Pop III stars (jllNNOOh . According 
to the observed relation, the massive stars with 
Mms > 2OM are assumed to explode as hy- 
pernovae (HNe), which are hyper-energetic explo- 
sions and expected t o leave black holes behind 
( Nomoto et al.|[2004a ). and the explosion energies 
of the models for M M s = 20, 25, 30, 40, 50 M© are 
E 51 = 10, 10, 20, 30, 40, respectively. The stars 
smaller than 20 M© are considered to explode as 
normal SNe with E51 = 1. The explosion energy 
of normal SN models (E$i — 1) is consistent with 
that of SN 1987A (E 51 = l.l±0.3. lBlinnikov et al 
2000h . 



FiguresEK and[2b show the abundance distribu- 
tions in the ejecta of the 25M© normal SN (E$i = 
1) and HN (E 5 i = 10) models, respectively. Nu- 
cleosynthesis in HNe with large explosion energies 
takes place under high entropies and show the 
following character i stics (Nakamura et al]l2001bl 
Nomoto et aDl200lL l2004bl 120061: IUN02al IUN05h . 

(1) Both complete and incomplete Si-burning 
regions shift outward in mass compared with nor- 
mal supernovae. As seen in Figures [2^ and [2b, 
the mass in the complete Si-burning region be- 
comes larger, while the incomplete Si-burning re- 
gion does not change much. As a result, higher 
energy explosions produce larger [(Zn, Co, V)/Fe] 
and smaller [(Mn, Cr)/Fe]. 

(2) In the complete Si-burning region of hyper- 
novae, elements produced by a-rich freezeout are 
enhanced because of high entropies. Hence, ele- 
ments synthesized through the a-capture process, 
such as 44 Ti, 48 Cr, and 64 Ge are more abundant. 
These species decay into 44 Ca, 48 Ti, and 64 Zn, re- 
spectively. 

(3) Oxygen burning takes place in more ex- 
tended regions for the larger explosion energy. 
Then more O, C, Al are burned to produce a larger 
amount of burning products such as Si, S, and Ar. 
As a result, hypernova nucleosynthesis is charac- 
terized by large abu ndance ratios of [(Si, S)/0] 
(|Umeda et alj|2002bh . 



2.3. Mass Cut 

The mass cut is defined to be a boundary be- 
tween the central remnant and the SN ejecta and 
thus corresponds to the mass of the compact star 
remnant. The SN yield is an integration over 
the ejecta outside the mass cut. In ID spher- 
ically symmetric models, the mass cut can be 
determined hydro dynamic ally as a function of the 
explosion energy (|WW95l ) . However, such ID hy- 
drodynamical determinations may not be relevant 
because S N explosions are found to be aspher- 
ical ( e.g.. iKawabata et al.l 2002 ]_ Leonard et al 



2002: [Wang et all l2002f 120031: iMaeda et al l 12 002. 



2006aU bl: IMazzali et al.ll2005l : IChugai et al.ll2005l ). 

We take into account approximately the as- 
phcrical effects with a mixing-fallback model (see 
Appendix for detail) parameterising the asphcri- 
cal SN explosions with three parameters, i.e., the 
initial mass cut M cut (ini), the outer boundary of 
the mixing region M m ; x (out) and the ejection fac- 
tor /. The initial mass of the central remnant 
is represented by M cut (ini). During the explo- 
sion, an inversion of the abundance distribution 
and a fallback of the materials above M cut (ini) 
onto the central remnan t might occur in the as- 



pherical explos i ons (e .g., Maeda fc Nomotclfe oOS: 



Nagataki et"aH 120061: iTominaga et all 120071) 



contrast to the spherical explosions. The inver- 
sion is represented by the mixing of the materials 
between M cut (ini) and M m j x (out) and the frac- 
tion of materials ejected from the mixing region 
is parameterized by the ejection factor /. As a 
consequence, the final mass of the central rem- 
nant M cut (fin) is derived with Equation (7) in Ap- 
pendix. 

The parameters of the mixing-fallback model 
should essentially be derived from the mechanisms 
of SN explosions, e.g., the rotation, the aspheric- 
ity, and the way to inject energy from the central 
region. However, the explosion mechanisms of SNe 
have not been clarified. Thus the parameters are 
constrained from the observed Fe ( 56 Ni) mass or 
from the comparison between the yield and the 
observed abundance pattern. 

For normal SN models, we determine the 
mass cuts to yield M( 56 Ni) = 0.07M© because 
the ejected 56 Ni mass of the observed normal 
SNe are clustered around this value (F ig, 
e.g., SN 1987A, IShigevama & Nomotol 



.] mm 



4 



Nomoto et al.1 



1994h . 



SN 1993J. IShigevama et all Il994t SN 19941, 

assume that the 



We also 



whole materials above the mass cut are ejected 
without the mixing-fallback process. This corre- 
sponds to the ejection factor / = 1 in the mixing- 
fallback model (see Appendix). 

For HN models, we apply the mixing-fallback 
model and determine parameters to yield [O/Fe] 
= 0.5 (case A) for all HN models or [Mg/Fe] = 0.2 
(case B) for massive HN models (Mms > 30M Q ) 
as describ ed in Appendix. While case A is similar 
to IUN05l . case B is to repro duce [M g/Fe] ~ 0.2 
plateau for [Fe/H] < -3.5 in lCA04 The plateau 
had not been observed by the previous studies. 
Since case B has larger amount of fallback, i.e., 
larger M m i x (out) and smaller / than case A, both 
of small [Mg/Fe] and [Fe/H] is realized in case B. 
The applied mixing-fallback parameters are sum- 
marised in Tables [I] [9l and [TBI and the final yields 
are summarised in Tables El El [HI [131 \T7\ and [19] 

2.4. SN-induced star formation 

We assume that [Fe/H] of a star formed by 
the SN shock compression is determined by 
the ratio between the ejected Fe mass M(Fe) 
and t he swept-up H m a ss M(H) (Cioffi et alj 



19881: iRvan et al.l Il996t iThornton et all Il998t 



Shigevama & Tsuiimoto 1998). According to 
Thornton et al.l (jl998), the swept-up H mass is 
given as 



M (H) = A(H) ■ M< 



sw = 3.93 x l0 4 El[ 7 n~°- 24 M Q 

(1) 

where A(H) is the mass fraction of H in the 
primordial gases, Msw is the total amount of 
the swept-up materials, and n is the number 
density of the circumstellar medium. Here we 
adopt X(R) = 0.752 as obtained from Wilkinson 



Microwave Anisotropy Probe (ppergel et al.ll2 003) 



and s tandard big bang nucleosynthesis (|Coc et al 



2004h . [Fe/H] of the star is approximated as 



[Fe/H] = log 10 (M(Fe)/M(H)) 

-log 10 (A(Fe)/A(H)) 

' M(Fe)/M \ 



log 



10 



6/7 
51 



C. (2) 



Here (X(Fe)/A(H)) is the s olar abundance ratio 



in mass between Fe and H ( Anders fe Grevesse 



1.4, which corresponds to n ~ 75 cm~ 3 . Resulting 
values of [Fe/H] are summarised in Tables Q] HO 
and [TBJ [Fe/H] of stars formed from the ejecta 
of HNe and normal SNe can be consistent with 
the observed [Fe/H] of the EMP and VMP stars, 
respectively. 

3. COMPARISONS WITH INDIVID- 
UAL STARS 

3.1. EMP stars 



CA04I provided abundance patterns of 35 metal- 
poor stars with small error bars for —4 < [Fe/H] < 
—2. Each EMP star may be formed from the 
ejecta of a single Pop III SN, although some of 
them might be the second or later generation stars. 
The yields of SNe with the progenitors of [Fc/H] 
< — 3 can be well-approximate d by those of Po p 
III SNe since they are similar (|WW95l ; lUNNOOl ). 
In this subsection, the theoretical yields are com- 
pared with the averaged abundance pattern of four 
EMP stars, CS 22189-009, CD-38:245, CS 22172- 
002 and CS 22885-096, which have low metallic- 
ities (-4.2 < [Fc/H] < -3.5) and normal [C/Fe] 
- 0. Stars with large [C/Fe] f~ +1 ) , calle d C- 
rich EMP stars are di scussed in )uN03l . lUN05l . and 
Tominaga et al.ll2007l The origin of some of those 
stars may be a faint SN, being different from those 
of [C/Fe] ~ stars (see § Ef~Tj) . Also some of the 
C-rich EMP stars might be originated from the 
mass transfer from the C-rich companion in close 
binaries ( e.g.jAoki et alj|2002t iBeers fe Christlieb 



20051: iRvan et alj|2005l ICohen et alj|2006h . 

Comparisons between the HN yields and the 
abundance pattern of the EMP stars are made 
in Figures EM2k- I n the mixing-fallback model, 
both [(Fe-peak elements) /Fe] and [a/Fe] give good 
agreements with the observations, except for some 
elements, e.g., K, Sc, Ti, Cr, Mn, and Co. Possi- 
ble ways to improve these elements are discussed 

in § m 

3.2. VMP Stars 



CA04I also provided the abundance patterns 



19891) and C is assumed to be a constant value of 



of the VMP stars whose metallicities ([Fe/H] 
- -2.5) are higher than the EMP stars. The 
observed abundance pattern is represented by 
the averaged abundance pattern of five stars 
BD+17:3248, HD 2796, HD 186478, CS 22966- 
057 and CS 22896-154, which have relatively high 
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metallicities (-2.7 < [Fe/H] < -2.0). Since 
these metallicities correspond to those of nor- 
mal SN models according to Equation ([2|) for 
the SN-induced star formation model, we first 
compare the observations with normal SN yields 
(Figs. [4jtbc). The mass cuts of normal SN models 
are determined so that the ejected Fe ( 56 Ni) mass 
is M (Fe) = O.O7M . 

On the other hand, most VMP stars are con- 
sidered to have the abundance pattern averaged 
over IMF and metallicity of the progenitors, thus 
we also compare with the IMF-integrated yield 
(Fig. [5]). Since the yields of SNe with the pro- 
genitors of [Fe/ H] < — 3 are quit e similar to those 
of Pop III SNe (|WW95l : lUNNOOh . we use the Pop 
III yields for these stars as well. The IMF inte- 
gration is performed from 10 M to 50 M with 
8 models, 13, 15, 18, 20, 25, 30, 40, 50 M© and 
the extrapolations. We make the power-law IMF 
integrations as follows: 



</>(M) = KM- {1+a) 



(3) 



where <j){M)dM is the number of stars within the 
mass range of [M, M + dM] , K is a normalization 
constant, and a is an integration index (Salpeter 
IMF has a = 1.35). The integration is performed 
and normalized by the total amount of gases form- 
ing stars as follows: 

()= axMHM) dM (4) 

where X(A) is an integrated mass fraction of an 
element, A, Xm(A) is mass fraction of A in a 
model interpolated between the nearest models, 
and M e j(M) is an ejected mass interpolated be- 
tween the nearest models or the nearest model and 
the edge of the IMF-integrated mass range. Here 
we assume M < 1OM and M = 5OAf stars do 
not yield any materials as type II SNe or HNe, i.e., 
M ej (M < 1OM ) = M cj (5OM ) = OM . 

Comparing the integrated yield with the Salpeter's 
IMF with the abundance pattern of the VMP stars 
(Fig. [5]), most elements show reasonable agree- 
ments, except for N, K, Sc, Ti, and Mn. The 
integrated yields are summarised in Table [7] 

3.2.1. Nitrogen & Oxygen 

Figures HMD: and O show that N is underpro- 
duced in our models. There are two possible ex- 



planations (1) and (2) for this discrepancy: 

(1) N was actually underproduced in the Pop 
III SN as in our models, but was enhanced as 
observed during the first dred ge-up in the low- 
mass red-giant E MP stars (e.g.. IWeiss et al. 2004 : 



Sudaet al J 120041) . O bservationallv. the EMP and 
VMP stars in lcA04l are giants and some of them 



show evidences of the deep mixing, i. e., the dilu- 



tion of Li and the low 12 C/ 13 C ratio (| Spite et al 
20061 ). On the other hand, the EMP and VMP 



stars with no evidence of the deep mixing show 

relatively small [N/Fe] ( l. iSpite et aT]|2005l ). 

However, [N/Fe] in our models are even smaller 



than the sm allest [N/Fe 



VMP stars (jSpite et al 



obse rved in the EMP and 
20051) . Thus the following 



mechanism might be important. 

(2) N was enhanced in massive progenitor stars 
before the SN explosion. N is mainly synthesized 
by the mixing between the He convective sh ell and 

UNN00: IW05). The 



the H-rich envelope (e.g , 

mixing can be enhanced by rotation (lLangerfl 992: 
Heeer fe Langerl |2000t iMaeder fe Mevnet I l2000h . 



Suppose that the Pop III SN progenitors were ro- 
tating faster than more metal-rich stars because 
of smaller mass loss, then [N/Fe] was enhanced as 
observed in the EMP stars. 

[O/Fe] of the 18 M Q and the IMF-integrated 
model are in good agreement with the observa- 
tions (Figs. Eh andU]), while [O/Fe] of the 13 and 
15 Mq models are lower than the observations 
(Figs. 2^ andHb). In the abundance determination 
of O, however, unce rtain hydrodynam ical (3 D) ef- 
fects are important (jNissen et alJl20()3 ) and lCAol 
applied the 3D correction for dwarfs to the metal- 
deficient giants. If the observed values of [O/Fe] in 
the figures are correct, this may indicate that the 
contribution of a single normal SN from a small- 
mass progenitor to the chemical enrichment in the 
VMP stars is small. 

We assumed all massive stars with Mus > 
2OM explode as HNe. However, there is a sugges- 
tion that the fraction of HNe to wh ole SNe (chn) 
is e H N ~ 0.5 (|Kobavashi et al.ll2006t ). If e H N ~ 0.5, 
[(C, N, 0)/Fe] and [Zn/Fe] are slightly larger and 
smaller, respectively, than the case with ehn ~ 1, 
but these are still in good agreement wit h the ob- 
servation (Fig. 12 in lNomoto et al.ll2006l) . On the 
other hand, if the contribution of the faint SNe 
(Mms > 2OA/ ) to reproduce the abundance pat- 
terns of the C-rich EMP stars is large enough (see 



6 



§ O IUN03I : IUN05I : iTominaga et"aTll2007h . [(C, 
N, 0)/Fe] is enhanced. This is because the faint 
SNe produce large [(C, N, 0)/Fe] due to a small 
amount of Fe ejection. The contribution of the 
faint SNe, however, might be small, since [Mg/Fe] 
is close to the upper limit of the observations with- 
out the contribution of the faint SNe. In order to 
estimate the ratios of HNe and faint SNe relative 
to all core-collapse SNe, further investigations are 
necessary. 

4. TRENDS WITH METALLICITY 



In § 13.11 and 13. 2\ we show that the observed 
abundance patterns can be reas onably reproduced 
by the mixing-fallback model. ICA04 showed not 
only the abundance patterns of individual stars 
but also the existence of certain trends of the 
abundance ratios with respect to [Fe/H]. In this 
section, we compare the observed trends with our 
models in Tables Q][5l 

In Figure the observed abundance ratios 
[X/Fc] against [Fe/H] are compared with yields 
of individual SN models in Table [1] and the 
IMF-integrated yield described in § 13.21 Here 
[Fe/H] of individual SN models are determined 
by Equation ©, while [Fe/H] of the IMF- 
integrated abundance ratios are assumed to be 
same as normal SN models ([Fe/H] ~ —2.6). 
We note that the observed abundance ratios of 
most elements are roughly constant for —2.5 < 
[Fe/H] < —1. This can be interpreted that 
the SN ejecta had been mixed homogeneously 
in the halo at —2.5 < [Fe/H]. This is con- 
sistent with the ch emical evolution models in 
Ishimaru fe Wanalol 



Tumlinson 



(200^ 



no 
6), 



19991). lAreast et alJ (l2000h . 



Nomoto et all (|2006l ). and 



Kobavashi et all (|2006f ). 

According to the SN-induced star formation 
model (Eq. [2]), our models cluster around [Fc/H] 
~ —3.5 and only a few model exists around [Fc/H] 
~ — 3, because we applied only one explosion en- 
ergy for each mass. In reality, the explosion ener- 
gies of HNe may depend, e.g., on the rotation of 
the progenitors, even if the progenitors' masses of 
HNe are similar. The progenitors of SNe 1997ef 
and 2003dh, for instance, have similar masses, 
but the explosion energies are 1 x 10 52 ergs and 
4 x 10 52 ergs , respectively dlwamoto et aL 2000; 
Mazzali et all 120031 : iDeng et al.ll2005l) . Variations 



of the explosion energy for the same stellar mass 
lead to variations of [Fe/H]. In order to produce 
a model with [Fe/H] ~ —3, therefore, we add the 
25M© model with E51 = 5 (see Fig.[7]for its abun- 
dance pattern). 

The trends of most elements can be well repro- 
duced by our models, except for K, Sc, Ti, Cr, Mn, 
and Co. In the followings, we discuss the trend of 
each element in more detail. 

4.1. Carbon 

The ratio C/Fe in our models are clustered 
around [C/Fe] ~ 0, while the observed [C/Fe] of 
the EMP stars are scattered (see Fig. [SJ. The 
large [C/Fe] (> 0.5) can be interpreted as orig- 
inated from the faint SNe that are characterised 
by a small ejecti on factor f an d the resultant large 
[(C, N, 0)/Fe] (|UN03l : llJN05h . In fact, Figured] 
shows that the abundance pattern of the C -rich 
EMP stars (CS 29498-043: Uoki et al.ll200l can 
be reproduced by our 25 M© faint SN model with 
a normal explosion energy E§i = 1 and small 
/ = 0.004 (model 25F in Tables HE]) . In this faint 
SN model, N/Fe is too small but can be enhanced 
as described in § 13.2.11 

We should note that the large [Co/Fe] of 
CS 29498-043 is difficult to be reproduced by 
the faint SN model of E 51 = 1. The parent SN 
of CS 29498 -043 m i ght be a faint SN wit h high- 
entropy jets (|UN05l : [Tominaga et aill2007l) . 

Alternative explanation is that the produc- 
tion of C in other sites is important, that is, C 
is produced not only from SNe but also from 
mass-losing Wolf-Rayet (WR) stars. Fast rotat- 
ing stars may undergo strong mass-loss and enter 
the WR phase, even if their metall i cities are con- 
siderably low (jMevnet fe Maeder 1 12005b . Also, 
the C-enhancement can be realized by transfer- 
ring mass from the C-rich binary companion (e.g., 
Aoki et all 120021: iRvan et alJ 120051 : ICohen et al 
20061) . 



4.2. The Even-Z Elements: Mg, Si, Ca, 
and Ti 

4-- 2.1. Magnesium, Silicon & Calcium 

The ratio Mg/Fe in ICA04l is less-scattered 
around [Mg/Fe] ~ 0.2 which is smaller than 
[Mg/Fe] - 0.5 obtained bv lHO04 and other previ- 
ous studies. Case A models, whose ejection factor 
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/ is set to produce [O/Fe] = 0.5, appear around 
-3.5 < [Fe/H] < -2.6 and 0.1 < [Mg/Fe] < 0.6. 
T hese are larger by 0.1 dex than observed [Mg/Fe] 



CA04I but consistent with these in the previ- 
ous studies. We also consider case B models to 



reproduce the [Mg/Fe] ~ 0.2 plateau in ICA04I at 
[Fe/H] < —3.5, although the plateau had not been 
observed by the previous studies. 

[(Si, Ca)/Fe] in ICA04l and IHO04I are slightly 
in previous studies. [(Si, 



Ca)/Fe] in 
less-scattered than 



Ca) /Fe] in our models are in good agreements with 
the observations and the widths of the scatter in 
our models are consistent with the observations. 

The small scatters of [(Mg, Si, Ca)/Fe] in our 
present model are diffe r ent fr o m previo us yields 
(iNomoto fe Hashimoto I Il988t IWW95l ; Thiele- 
mann et al. 1996). This difference stems from 
the following different assumption. The previous 
yields assumed the ejected Fe mass (M(Fe) ~ 
0.07Af Q ) depends weakly on the progenitors' 
masses. Therefore [a/Fe] in massive star mod- 
els depends mainly on the a-element abundances, 
which strongly depend on the stellar mass. This 
leads to the large scatters. In the present stars, 
the EMP stars with [Fe/H] < —3 are produced by 
HNe only (M MS > 20Af©), and those HN models 
produce Fe much more than ~ O.O7M . Instead, 
we assume [O/Fe] = 0.5 or [Mg/Fe] = 0.2 for 
Mms > 20M© models. Our approach suggests 
that the observed small scatter of [a/Fe] implies 
that larger amount of Fe is produced in more mas- 
sive stars. This is consistent with the observations 
that typical HNe eject larger amount of Fe than 
normal SNe (Fig. [Da). 



4-2.2. Titanium 

[Ti/Fc] in our models is smaller than the ob- 
servations. There are no clear trend in [Ti/Fc] 
in our models as in the observations and the 
scatter is similar to the observations. [Ti/Fe] 
may be enhanced by nucleosynthesis in high- 
entropy environments as will be discusse d in § [5] 
(a "low-density" modificat ion, see also UN05T) 
or in a jet-like explosi on ( Nagataki et al.l 12003c 
iMaeda fe Nomotoll2003h . 



4.3. The Odd-Z Elements: Na, Al, K, and 
Sc 

4 .3.1. Sodium & Aluminum 

The abundances of Na and Al in ICA04I are dif- 
ferent from previous studies. This is partly be- 
cause ICA04l took into account non-LTE (NLTE) 
effects (AX(Na) = -0.5 dex and AA(A1) = 
+0.65 dex). 

The |CA04| result shows a trend in [Na/Fe] 
against [Fc/H]. In Figure [6l our results also show 
such a trend, although Na/Fe is slightly smaller 
than the observations in the HN models, especially 
in Mms = 40M Q models. Because all our models 
are Pop III models, the trend is not due to the 
metallicity effect but due to the combination of 
the progenitors' masses and the explosion energies. 
The trend stems from the fact that more massive 
stars produce smaller X (Na) and that more ener- 
getic explosions burn more Na. 



[Al/Fe] is also smaller by 0.5 dex than in lCA04l . 
especially in the HN model. However our m odels 
are in good agreements with [Al/Fe] in lHOOd The 
differ ence i n the observed [Al/Fe] be tween CA04I 



and IHO04I may be mainly because IHO04I does 
not take into account NLTE effects. The larger 
M m i x (out) in case B enhances Na/Fe but reduces 
Al/Fe. This is because Na and Al are mainly syn- 
thesized near the outer and the inner edges of the 
O-rich region, respectively. Only [ Al/Fe] o f model 
40B is in reasonable agreement with lCAM because 
the 40 Mq progenitor star produce large X(Al). 

Both Na and Al are mostly synthesized in C 
shell-burning, and the produced amount depends 
on the overshooti ng at t he edge of the convective 
C-burning shell (|lW05l ). In the present presu- 
pernova evolution models, no overshooting is in- 
cluded. If the NLTE correction of Al is correct, it 
might be needed to consider convective overshoot- 
ing in the C-burning shell. This could enhance 
Na/Mg and Al/Mg, thus weakening the odd-even 
effect in the abundanc e patte rns and leading to a 
better agreement with 



4-3.2. Potassium & Scandium 

[K/Fe] and [ Sc/Fe] in o ur mo dels are much 
smaller than in ICA04l andlHOOi Possible im- 
provements are discussed in detail in § El K/Fe is 
slightly enhanced by the "low-density" modifica- 
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tion as described in §[5j but still not large enough. 
Iwamoto et al. (in preparation) suggests that the 
model with large Y c (> 0.5) in the inner region 
can produce enough K. 

Sc/Fe can be enha nced b y the "low-density" 
modification (see S 151 IUN05h . Further enhance- 
ment can b e realiz e d if Y r > 0. 5. Recently. 
Pruet et all (|2004al l2005f) and IFrohlich et al 



( 2006bh calculated nucleosynthesis based on the 



core-collapse SN simulations with neutrino trans- 
port. In their models, neutrino absorption en- 
hances Y c near the mass cut of the ejecta. Ac- 
cording to their results, Sc/Fe in the normal SN 
model is enhanced to [Sc/Fe] ~ due to the large 
Y c (> 0.5) and high-entropy (s/foe > 20, where s 
denotes the the entropy per nucleon and k& is the 
Boltzmann constant). 

4.4. The Iron-Peak Elements: Cr, Mn, 
Co, Ni, Zn 

4-4- 1- Chromium, Manganese, & Cobalt 

[Cr/Fe] in ou r mode ls is larger than ICA04I but 
consis tent with HO0J . The difference between 
CA04I and iHOoJ stems from the use of the dif- 
ferent Cr lines (Cr I: |CA04| and Cr II: IHO04T ) in 
obtaining [Cr/Fe]. It is still uncertain which line 
is better to use in estimating [Cr/Fe] . If Cr I gives 
reliable abundance, Cr in our models is overpro- 
duced, although the trend in our models is similar 
to the observations. Since Cr is mostly produced 
in the incomplete Si-burning region, the size of 
this region relative to the complete Si-burning re- 
gion should be smaller than the present model in 
order to produce smaller Cr/Fe. We also need to 
examine the nuclear reaction rates related to the 
synthesis of 52 Fe that decays into 52 Cr. 

[Mn/Fe] and [Co/Fe] in our models are smaller 
than the observations, although the trend of 
[Co/Fe] in our models is similar to the observa- 
tions. The n egligibl y small dependence of [Mn/Fe] 
on [Fe/H] in ICA04l ' is different from previous ob- 
servations that [Mn/F e] significantly decreases to- 
ward smaller [Fe/H] (jMcWilliam et al.l Il995al fbl). 
They can be improved by the n/p modification 
as discussed in § 15.11 Also, Mn can be e fficiently 
enhanced by a neutrino process (see § 15.31 IWW95t 
T. Yoshida et al., in preparation). Therefore the 
Mn/Fe ratio is important to constrain the physical 
processes during the explosion. 



44.2. Nickel & Zinc 

[Ni/Fc] and [Zn/Fe] in our models are in good 
agreement with the observations, although [Ni/Fe] 
is slightly smaller than the observation. Ni/Fe is 
higher if Af cut (ini) is smaller (i.e., the mass cut 
is deeper) because 58 Ni, a main isotope of stable 
Ni, is mainly synthesized in a deep region with 
Y c < 0.5. However, a smaller M cut (ini) tends 
to suppress Zn/Fe (see Appendix), thus requiring 
more energetic explosions to produce large enough 
Zn/Fe. 

The good agreement of [Zn/Fe] with observa- 
tions strongly supports the SN-induced star for- 
mation model and suggests that the EMP stars 
with smaller [Fe/H] are made from the ejecta of 
HNe with higher explosion energies and larger pro- 
genitor's masses. This is because higher explosion 
energies lead to larger [Zn/Fe] and smaller [Fe/H]. 

Other possible production sites of Zn include 
the neutr ino-driven wind from a proto-neutron 



star (e.g.. iHoffman et al]|l996t [Pruet et alJliopj; 



Frohlich et alJ l2006ri IWanaio I l2006a|lbh and the 



accret ion disk of a black hole (e.g.. IPruet et al 



2004al |bl: IFrohlich et all l2006ah . Further studies 



are needed to see how large the contributions of 
these sites to the Zn production are. In order to 
reproduce the trend and small scatter of [Zn/Fe], 
there must be some "hidden" relations between 
the explosion energy and nucleosynthesis in the 
neutrino-driven wind or the accretion disk mod- 
els. 

If the VMP stars with [Fe/H] 2.5 is made 

from normal SNe with £51 = 1, Zn is under- 
produced in our models. Nucleosynthesis stud- 
ies with neutrino t r anspo rt (Hoffm an et al. 1996: 
Pruet et all l2004ai 120051 : IFrohlich et all l2006bl ) 
suggested that Zn in the normal SN model is en- 
hanced to [Zn/Fe] ~ 0. However, the enhancement 
is not large enough to explain the large [Zn/Fe] 
(> 0.5) in the EMP stars. 



5. IMPROVED MODELS FOR Sc, Ti, 

Mn, & Co 

In this section, we present the models based 
on the modified presupernova distributions of the 
"n/p ratio (i.e., Y e )" and the "density". We then 
discuss how these modifications improve Sc, Ti, 
Mn, and Co. The IMF-integrated yields, the pa- 
rameters, and the yields of the individual SNe are 
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summarised in Tables [7]fT9l 

5.1. Neutron-Proton Ratio 

In the above discussion, we assume that Y c in 
the presupernova model is kept almost constant 
durin g the explosion . However, recent studies 



e.g., iRampp fc Janka 1 12 000; Licbcndorf er et al 



2005t fFrohlich et all l2006bl ; iBuras et all l2006allbf ) 
have suggested that Y c may be significantly varied 
by the neutrino process during explosion. Further, 
the region, where the neutrino absorption and Y c 
variation occur, is Rayleigh- Taylor unstable be- 
cause of neutrino heating, so that there exists a 
large uncertainty in Y c and its distribution. 

We apply the following Y e profil e that was 
found to produce reasonable results in IUN05l . i.e., 
Y c = 0.5001 in the complete Si burning region 
and Y c = 0.4997 in the incomplete Si burning re- 
gion. The Y c profile is modified by adjusting the 
isotope ratios of Si. According to the recent ex- 
plosion calculations with the neutrino effe ct (e.g., 
Rampp fc Janka ll2000HBuras et al.ll2006bh . mate- 
rials with large Y c (~ 0.54) may be ejected. How- 
ever, Y c might be diluted by mixing, and our Y e 
profile might mimic such dilution. The adopted 
high Y c in the complete Si-burning region and 
low Y e in the incomplete Si-burning region lead 
to large Co/Fe and Mn/Fe, respectively. 

Figures show better agreements between 

the models and the observations. Here we applied 
the same M cut (ini) as in the models without the 
Y c modification. The IMF-integrated yield, the 
parameters, and the yields of the individual SNe 
are summarised in Tables I7HT31 Since the varia- 
tion of Y e is considered to be due to the ^-process, 
the Y c modification might be applied to any core- 
collapse SNe. 

5.2. Low Density 

In the "low-density" modification, the density 
of the presupernova progenitor is artificial ly re- 
duced without changing the total mass. UN05 
assumed that such a low density would be real- 
ized if the explosion is induced by multiple jets 
consisted of the primary weak jets and the main 
strong SNe jets. The primary weak jets expand 
the interior of the progenitor before the SN explo- 
sions driv en by t he main jets (as described in Ap- 
pendix in lUN05f ). Alternate explosion mechanism 



that realizes "low-dens ity" is a delayed explosion 
(e.g.. lFrver et al . 200G, who investigated explosive 
nucleosynthesis induced by a black hole forming 
collapse comparing a direct collapse and a delayed 
collapse caused by fallback). The "low-density" is 
presumed to be realized in the jet-like or delayed 
explosions involving fallback, thus being applied 
only to the HN models but not to the normal SN 
models. 

Other me chanism to realize "low-density" was 
suggested by IcloI i.e., the L model using "low" 
12 C(a, 7 ) 16 rate (|Caughlan fc Fowler 1 1 ll98Sh . 
They showed that the "low" 12 C(a, 7) 16 rate 
leads the higher C abundance (i.e., larger C/O ra- 
tio) and more active C-shell burning. As a conse- 
quence, the average density in the complete and 
incomplete Si-burning region is lower than the 
"high " 12 C(a, 7 ) 16 rate case (|Caughlan et al 
1985). If this mechanism is valid, the "low- 
density" will be realized in whole SNe. However 
the large C/O ratio leads to overproduce Ne and 
Na at the solar metallic i tv dWooslev fc Weaver 



19931 : iNomoto et aTlll997t llmbriani et"aTf l2001) . 



Explosive nucleosynthesis in the model with the 
"low-density" modification takes place at higher 
entropy (s/k-Q ~ 30 — 40) than in the model with- 
out modification (s/ks ~ 10 — 20), thus enhancing 
the a-rich freeze-out compared with the standard 
model. As a result, the Sc/Fe and Ti/Fe ratios are 
particularly enhanced. Figure [T0k shows that the 
Sc/Fe and Ti/Fe ratios in the EMP stars can be 
better reproduced by the model of Mms = 20M© 
and E51 — 10 with the "low-density" modification, 
whose presupernova density is reduced by a factor 
of 2. Here we applied the Y e modification and the 
same M cut (ini) as in the models without the Y e 
modification. 

The other HN models with both the Y c and 
"low-density" modifications are also in good agree- 
ment with the abundance pattern of the EMP 
stars (Figs. HUb-fTUk). Because the degree of "low- 
density" is likely to be different in each explo- 
sion, we assume the "low-density" factor so that 
each model reproduces [Sc/Fe] of the EMP stars 
as given in Table [15] The IMF-integrated yield, 
the parameters, and the yields of the individual 
SNe are summarised in Tables [7] and H~5TfT51 

The good agreements suggest that the Y e and 
"low-density" modifications might actually be 
realized in the SN explosions. In the present 
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thesis (iPruet et al 

s/k B = 



study, we consider the global enhancement of 
entropy due to the jet-like or delayed explo- 
sion, but such high-entropy region is also real- 
ized locally in the neutrino-driven wind or the 
accreti on disk. Neutrino -driven wind nucleosyn- 
" |2005l) for Y e = 0.5245 and 
26.9 produces [Sc/Fe] (~ +0.3) being con- 
sistent with that of the EMP stars but smaller 
[Co/Fc] and [Zn/Fc] than those of the EMP stars; 
for Y c = 0.5 and s/k B = 18.4, smaller [Sc/Fe] 
(~ —1) is produced than that of the EMP stars. 
Accretion disk nuc leosynthesis (s/ks = 20 and 40, 
IPruet et alJl2004ah produces much larger [Sc/Fe] 
(~ +1) than that of the EMP stars and does not 
produce simultaneously [Co/Fe] ~ 0.5 and [Zn/Fe] 
~ 0.5 as observed in the EMP stars. 

The above models show that it seems diffi- 
cult to reproduce the overall abundance pattern 
of the EMP stars only with nucleosynthesis in the 
neutrino-driven wind or the accretion disk. How- 
ever, if some contributions from these sites can 
be added to our models, it could enhance Sc/Fe. 
In order to obtain [Sc/Fe] ~ 0, the SN ejecta 
should h ave M(Sc)/M(Fe) ~ tfjS c)/X(Fe)) ~ 
3 x 10" 5 (| Anders fe Grevesse lll989j ). When about 
0.1 M of Fe and little Sc are ejected as in our 
model of M M s = 25M and E 51 = 10, [Sc/Fe] 
~ is obtained by the ejection of extra M (Sc) ~ 
3 x 10 _6 Mq from either the neutrino-driven wind 
or the accretion disk. 



5.3. Trends 

Figure [IT] shows the trends resulting from the 
Y e modification made for all models and the "low- 
density" modification applied only for HN models. 
Each comparison between the model and the ob- 
servation is shown in Figures [9M9b, and [TOk- fTOk . 
While [(K, Cr)/Fe] still do not explain the obser- 
vations well, the trends of [(Sc, Ti, Mn, Co)/Fe] 
are in much better agreement with the observa- 
tions than the models without the modifications. 
Other elements also show good agreements and 
small scatters. 

The Sc/Fe and Ti/Fe ratios in normal SN mod- 
els are lower than the observations. This is partly 
because the "low-density" modification is not ap- 
plied to normal SNe. To reproduce the observed 
high Sc/Fe and Ti/Fe ratios, there might be some 
mechanisms to realize the high entropy (s/fce ~ 
30 — 40) even for normal SNe. In this connec- 



tion, it is interesting to note that the recent X- 
Ray Flash GRB 060218 was found to be a ssoci- 
ated with SN 2006aj (e.g.. IPian et~aTll2006h . The 
properties of SN 2006aj are close to normal SNe; 
the progenitor's main-sequence mass and the ex- 
plosion energ y were estimated to b e Mms ~ 2OM 
and E 5 i ~ 2 (jMazzali et al.ll2006bl) . This suggests 
that the "low-density" modification could be real- 
ized in some normal SNe. Such explosions might 
contribute to enhance Sc/Fe and Ti/Fe. 

[Cr/Fe] and [ Mn/Fe ] in our models are larger 
and smaller than lCA04l . res pective ly, while [Co/Fe] 
is in good agreement with ICA04I . [Mn/Fe] could 
also be enhanced by the following ^-process in the 
complete Si-burning region and the subsequent 
radioactive decay: 



56 Ni + v 
55 Co 



55 Co + j/ + p 
55 Mn + 7 + c + 



(5) 
(G) 



(|WW95l ; T. Yoshida et al., in preparation). 



6. SUMMARY & DISCUSSION 

In this paper we performed the hydrodynami- 
cal and nucleosynthesis calculations of Pop III 13 
- 50 Mq core-collapse SNe and provided the yields 
by adopting the mixing-fallback model. We show 
that our yields are consistent with the observed 
abundance pa tterns of the EMP and VMP stars 
(|CA04l ; lHO04h . The trends of [X/Fe] vs. [Fe/H] 
with small scatters can be reproduced by our mod- 
els as a sequence resulting from the combination 
of different progenitors' masses (Mms) and explo- 
sion energies (E). This is because we adopt the 
empirical relation that a larger amount of Fe is 
ejected by massive HNe (Mms > 20M Q ) than nor- 
mal SNe. This indicates that the observed trends 
with small scatters do not necessarily mean the 
homogeneous mixing in the interstellar medium, 
but can be reproduced by the "inhomogeneous" 
chemical evolution model, in which the EMP stars 
are enriched by the individual SNe with different 
(M MS , E). 

In our model, yields of more massive HNe cor- 
respond to the EMP stars with smaller [Fe/H] 
(< —3). We should stress that this is not be- 
cause HNe were dominant among Pop III SNe, but 
because the second generation stars produced by 
Pop III core-collapse SNe with higher explosion 
energies tend to have smaller [Fe/H] as [Fe/H] ~ 
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Almost all stars in ICA04I and IHO04I can be 
reasonably well reproduced by core-collapse SNe 
yields, but none by the pure pair-instability SN 



t none by tne pure pair-instability t>i\ 
.. IUN02al ISeger fc WoosleTI 12002^ . In 



yields (e.g., _ . _ _ _, 

other words, the EMP stars in[CA0Jshow no clear 
features of top-heavy IMF. Further, the VMP 
stars ([Fe/H] ~ —2.5) can be well-reproduced by 
integrating the yields of Pop III SNe over the 
Salpeter's IMF. This also implies that the IMF 
of Pop III stars was not top-heavy, but approxi- 
mately Salpeter's. To constrain the IMF of Pop III 
stars, we need more complete set of the observed 
data as well as inhomogeneous chemical evolu- 
tion models which properly take into account our 
mod el, especially the MMS- f Fe/H] relation (s ee, 
e.g- lArgast et al.ll2000l . l2002t iTumlinson Il2006l ). 

We also investigate the yields of the models 
with the Yp and "low-density" modifications sug- 



gested in IUN05I and show that the yields are in 
better agreement with the observed abundance 
patterns than those without such modifications. 
The good agreements suggest that such modifica- 
tions might be realized in the actual core-collapse 
SN explosions. We suggest that the Y e and "low- 
density" modifications are actualized by the neu- 
trino effects and the jet-like or delayed explosions, 
respectively. 

The neutrino-driven wind and the accretion 
disk are other possible nucleosynthesis sites for 
Sc because they can actualize the Y e (> 0.5) and 
"low-density" modifications. However, nucleosyn- 
thesis in the neutrino-driven wind and the accre- 
tion disk might not be dominant sites of Fe syn- 
thesis because they can not reproduce the abun- 
dance ratios among the Fe-peak elements of the 
EMP stars. We thus suggest that the progeni- 
tor's presupernova nucleosynthesis and explosive 
nucleosynthesis are predominant synthesis sites of 
most elements, while some elements (e.g., Sc, Ti, 
Mn, and Co) can be enhanced by the Y c and "low- 
density" modifications. 
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APPENDIX: MIXING-FALLBACK MODEL 



The mixing-fallback model proposed by IUN02al and llJN03l c an successfull y reproduce th e abundance 
patterns of the hyper metahp^r (^HE0107-5240: IChristlieb et all 12001 IUN03l . HE1327-2326: iFrebel et al " 



20051: llW05h and EMP (|UN02al : |UN05| ) stars. The mixing-fallback model assumes the following situation: 
first, inner materials are mixed by some mixing process (e.g., Ra yleigh- Taylor instabi l ities and/or aspherica l 
explosions) during the Shockwave propagations in the star (e.g.. lHachisu et al 199dl : Kifonidis et al.l l2003). 
Later , some fraction of materials in the mixing region undergoes fallback onto the central remnant by gravity 
(e.g., IWW95I : IIW05D . and the rests are ejected into interstellar space. The fallback mass depends on the 
explosion energy, the gravitational potential, and asphericity. 

The mixing-fallback model can solve a problem associated with the ratios between the Fe-peak elements 
and Fe in the EMP stars, [(Fe-peak)/Fe]. The large Zn/Fe ratio implies an energetic explosion as a HN and 
a deep mass cut, but these lead to eject too large amount of Fe to reproduce small [Fe/H] and the large 
enough [a/Fe] ratio, if ones assume that the whole material above the mass cut are ejected. However, one 
can realize both the deep mass cut and the small amount of ejected Fe with the mixing-fallback model. 

In the spherical models, llW05l found that the fallback takes place if the explosion energy is less than 
-E51 ~ 1 for the 25 M© star and obtained a relation between E51 and the final remnant mass, M cut (fin), i.e., 
smaller £51 leads to a larger M cut (fm). For example, E^i = 0.74 and 0.71 for the 25 M© star lead to the 
final remnant mass M cut (fin) = 5.8M© and 6.3M Q , respectively. It is difficult for a spherical HN explosion 
to initiate a fallback, although for a larger star the fallback can occur even for a larger explosion energy 
because of a deeper gravitational potential. For instance, the fallback is found to occur for E51 < 2 in the 
50 Mq star. 

Howeve r fallback can take place not only for relatively lo w energy explosions but fo r very energetic jet-like 
explosions ( Maeda fe Nomotol 20031 : Tominaga et al. 2007 ). In fact, Tominaga et al. ( 2007 ) have simulated 
jet-induced explosions and showed that the resultant yields can reproduce the abundance patterns of the 
EMP stars as the mixing-fallback model. The mixing-fallback model mimics such aspherical explosions, 
althou gh the spherical model tends to require larger e xplosion energies than the jet model to obtain similar 
yields (|Maeda fe Nomotoll2003l : iTominaga et al.ll2007h . 

In the mixing-fallback model, the physical process is explained by three parameters as follows: 

• -*Wcut(ini): initial mass cut, which is corresponding to the inner boundary of the mixing region. 

• -^mix(out): outer boundary of the mixing region. 

• /: a fraction of matter ejected from the mixed region. It determines [a/Fe]. 

Figures I12a b illustrate these parameters for spherical and aspherical models. The final remnant mass, 
M cu t(fin), is determined by the above three parameters 



M cut (fin) = M cut (ini) + (1 - /) x (M mix (out) - M cut (ini)). 
In this paper, we determine these parameters as follows. 



(7) 



-Mcut(ini): the initial mass cut is adopted so that [Zn/Fe] attains maximum, thus locates at the bottom 
of the Y c ~ 0.5 layer (Fig. [13]) where is very close to the surface of Fe core of the progenitors. Figure fT3l 
shows the abundance distribution of the 25 Mq star with E51 = 10 around the complete Si burning 
region. For Population III SNe, the dominant isotope of Zn is 64 Zn, which is the decay product of 
64 Ge. 64 Zn is mostly produced in t he com plete Si burning region where Y c ~ 0.5 and the Zn/Fe ratio 
decreases for lower Y e (see Fig. 4 in UN05I ). Therefore, as the mass cut decreases, [Zn/Fe] in the ejecta 
first increases and then decreases. This choice of M cut (ini) tends to give a smaller estimate of E51 to 
fit to the observed Zn/Fe, because Zn/Fe is larger for larger E 5i . 
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• M m j x (out) and /: we study two case as follows. Case B is an additional model for massive star models. 
The abundance distribution of the 30 Mq , E51 = 20 model is shown in Figure [14] illustrating the 
mixing region in both cases. 

Case "A" : We assume that the mixing occurs in the Si burning region and thus M mix (out) is where 
X( 56 Ni) = 10~ 3 . / is chosen to yield [O/Fe] = 0.5. For most case, / - 0.1. 

Case "B" : For the M > 30M Q models, we consider another case. In this case, we assume that 
-Wmix(out) is 2/3 of the O- rich lay er, and determine / so that [Mg/Fe] = 0.2 to be consistent with 
the [Fe/H] < -3.5 stars in lCAoi 

In this paper, we consider two cases A and B for M > 30M Q stars. [Mg/Fe] in case B is smaller than in 
case A but the ejected Fe mass in case B is smaller than in case A (Tables [TJ [HI and [T5)l . This is because 
case B has larger amount of fallback, i.e., larger M m i x (out) and smaller /, than case A. Such large fallback 
which reaches the Mg-rich layer decreases the amount of ejected Mg and leads to a smaller Mg/Fe for case B 
than case A in spite of a smaller amount of ejected Fe. The observed HNe have variations of the ejected Fe 
mass. Case A corresponds to typical HNe like SN 1998bw that ejected M( 56 Ni) ~ 0.4 M^ (iNakamura et all 



200 la|) and case B c orresponds to HNe like SN 1997ef that ejected M( 56 Ni) ~ 0.15M Q (jlwamoto et al. 200 



Mazzali et ail feoOOl . 



Alternative interpretation of [Mg/Fe] ~ 0.2 is to eject a larger amount of Fe than case A for the same 
amount of ejected Mg. In this case, because of larger Fe, larger explosion energies (-E51 > 100) are needed for 
this model to reproduce the small [Fe/H] (~ —4), as long as [Fe/H] is determined by Equation (|2|) (i.e., the 
same constant C) of the SN-induced star formation model. The explosion energies are considerably larger 
than those of Pop I SNe. We thus do not consider such a possibility in this paper. 
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Table 1 
The explosion models 
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3.59 
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a [Fc/H] is determined as [Fe/H] ~ log 10 (A-f (Fc)/E®^ 7 ) — C. Here we assume that C is a constant value, C — 1.4. 
b / is an ejection factor. / — 1 corresponds to normal SN models without the mixing-fallback model. 



Note. — The numbers shown are the main-sequence mass, the explosion energy, the ejected 56 Ni mass, the ejected Mg mass, [Fe/H], [O/Fc], [Mg/Fe], the 
final central remnant mass, the mass of inner boundary of the mixing region, the mass of outer boundary of the mixing region, the ejection factor and the 
figure number of the comparison with the EMP and VMP stars. The masses are in unit of Mq. 



Table 3 
Yields of stable isotopes. 
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10 


5 


10 


1 


20 


20 


30 


30 


40 


40 



p 

d 

3 He 

4 He 

6 Li 

7 Li 

9 Be 
10 B 

ll B 

12 C 
13 C 

14 N 
15 N 

16 

17 o 

18 Q 
19p 

20 No 
21 Nc 

22 No 

23 Na 
24 Mg 
25 Mg 
26 Mg 
26 Al 
27 A1 
28 Si 
29 Si 
30 Si 

31p 
32g 

33 s 
34 s 
36 s 

35 CI 
37 C1 

36 Ar 

38 Ar 
40 Ar 

39 K 

40 K 
4i K 

40 Ca 



6.59E+00 
1.49E-16 
4.12E-05 
4.01E+00 
3.29E-23 
2.17E-10 
1.77E-20 
3.16E-21 
2.89E-16 
7.41E-02 
8.39E-08 
1.83E-03 
6.38E-08 
4.50E-01 
1.69E-06 
5.79E-08 
1.17E-10 
1.53E-02 
5.42E-07 
1.98E-07 
1.44E-04 
8.62E-02 
1.56E-04 
7.07E-05 
9.92E-07 
3.78E-03 
8.08E-02 
7.50E-04 
1.42E-03 
4.88E-04 
2.36E-02 
9.00E-05 
2.79E-04 
1.48E-08 
5.48E-05 
3.11E-06 
3.18E-03 
5.23E-05 
8.01E-11 
5.14E-06 
1.14E-09 
3.72E-07 
2.82E-03 



7.58E+00 
1.69E-16 
4.09E-05 
4.40E+00 
1.28E-22 
2.94E 
3.22E 
3.92E 
3.55E 
1.72E 
6.21E 
1.86E 
6.86E 
7.73E 
1.57E 
4.89E 
1.97E 
3.27E 
3.76E 
1.61E 
2.45E 
6.82E 
2.98E 
3.98E 
1.11E 
1.37E 
7.18E 
2.38E 
1.49E 
5.66E 
3.24E 
7.48E 
2.01E 
1.43E 
1.44E 
5.62E 
5.53E 
6.18E 
1.78E 
7.23E 
9.07E 
7.43E 
4.72E 



10 

22 
20 
16 
01 
08 
03 
08 
01 
06 
06 
09 
01 
05 
05 
03 
02 
04 
04 
06 
03 
02 
04 
04 
05 
02 
05 
04 
09 
05 
06 
03 
05 
11 
06 
10 
07 
03 



8.43E+00 
1.28E-16 
3.33E-05 
5.42E+00 
4.52E-23 
7.34E-11 
1.05E-22 
2.86E-20 
1.59E-14 
2.18E-01 
2.63E-09 
1.89E-04 
2.40E-08 
1.38E+00 



2.79E- 
4.63E- 
7.91E- 
4.94E- 
9.12E- 
2.57E- 
2.08E- 
1.57E- 
5.83E- 
8.73E- 
3.33E- 
3.14E- 
1.07E- 
4.36E- 
3.50E- 
1.31E- 
4.45E- 
9.49E- 
2.59E- 
5.34E- 
2.42E- 
7.80E- 
7.26E- 
1.45E- 
3.95E- 
1.59E- 
1.84E- 
1.51E- 
6.14E- 



07 
06 
09 
01 
05 
05 
03 
01 
04 
04 
06 
03 
01 
04 
04 
04 
02 
05 
04 
09 
05 
06 
03 
04 
11 
05 
09 
06 
03 



8.77E+00 
8.66E-17 
4.76E-05 
5.96E+00 
1.36E-22 
2.79E-10 
4.83E-20 
2.88E-19 
1.19E-15 
1.90E-01 
1.18E-08 
5.42E-05 
2.96E-08 
2.03E+00 
7.13E-08 
2.33E-08 
2.12E-09 
7.49E-01 
3.58E-05 
5.51E-05 
2.31E-03 
1.65E-01 
1.07E-04 
2.09E-04 
1.02E-06 
1.50E-03 
9.15E-02 
2.89E-04 
1.12E-04 
7.30E-05 
3.71E-02 
1.31E-04 
1.46E-04 
8.33E-10 
3.28E-05 
1.52E-05 
6.04E-03 
6.35E-05 
3.77E-11 
1.06E-05 
3.95E-09 
2.63E-06 
4.39E-03 



1.06E+01 
2.04E-16 
2.11E-04 
8.03E+00 
2.28E-20 
5.68E-09 
5.00E-17 
2.79E-15 
6.09E-14 
2.79E-01 
2.90E-08 
5.92E-04 
1.64E-07 
2.60E+00 
1.49E-06 
4.66E-07 
1.43E-09 
3.91E-01 
1.47E-05 
1.30E-05 
6.74E-04 
1.43E-01 
4.52E-05 
4.31E-05 
1.21E-06 
8.59E-04 
2.21E-01 
5.12E-04 
5.90E-05 
5.44E-05 
1.00E-01 
2.06E-04 
5.13E-05 
6.69E-11 
2.01E-05 
2.26E-05 
1.67E-02 
4.55E-05 
5.17E-12 
1.61E-05 
1.82E-09 
5.94E-06 
1.43E-02 



1.06E+01 
2.06E-16 
2.11E-04 
8.02E+00 
4.26E-20 
5.68E-09 
3.69E-17 
2.05E-13 
5.27E-13 
2.67E-01 
6.94E-08 
5.96E-04 
1.75E-07 
2.37E+00 
1.49E-06 
3.87E-07 
1.67E-09 
2.85E-01 
1.22E-05 
8.62E-06 
4.42E-04 
1.53E-01 
4.57E-05 
3.89E-05 
1.28E-06 
8.93E-04 
1.97E-01 
5.23E-04 
6.13E-05 
5.03E-05 
7.52E-02 
1.99E-04 
2.47E-05 
5.25E~11 
1.68E-05 
2.02E-05 
1.15E-02 
8.35E-06 
3.77E-12 
8.69E-06 
4.46E-10 
4.00E-06 
9.20E-03 



1.06E+01 
2.02E-16 
2.11E-04 
8.03E+00 
2.68E-21 
5.68E-09 
1.24E-17 
2.67E-18 
1.90E-16 
2.74E-01 
1.05E-08 
5.91E-04 
7.17E-08 
1.52E+00 
1.48E-06 
6.73E-07 
1.01E-09 
3.16E-01 
3.05E-06 
1.27E-05 
6.61E-04 
2.70E-02 
1.29E-05 
1.48E-05 
5.34E-09 
9.78E-05 
2.07E-03 
3.96E-06 
2.66E-06 
1.68E-06 
8.10E-04 
9.32E-07 
5.83E-07 
1.35E-12 
1.83E-07 
2.21E-07 
1.54E-04 
6.11E-07 
1.40E-13 
2.08E-07 
2.89E-11 
7.98E-08 
1.36E-04 



1.17E+01 
1.09E-14 
2.06E-04 
9.54E+00 
3.50E-17 
2.36E-08 
3.09E-18 
1.05E-14 
9.61E-14 
3.16E-01 
6.32E-08 
4.18E-05 
2.20E-07 
3.92E+00 
3.81E-08 
5.03E-07 
7.88E-09 
5.20E-01 
3.51E-05 
3.52E-05 
7.36E-04 
2.17E-01 
1.45E-04 
8.00E-05 
2.92E-06 
1.55E-03 
2.44E-01 
8.85E-04 
1.47E-04 
1.18E-04 
8.49E-02 
3.02E-04 
2.70E-04 
1.41E-09 
4.51E-05 
2.37E-05 
1.18E-02 
9.06E-05 
1.87E-11 
2.05E-05 
2.52E-09 
3.63E-06 
8.77E-03 



1.17E+01 
1.09E-14 
2.06E-04 
9.51E+00 
3.50E-17 
2.36E-08 
3.09E-18 
1.05E-14 
9.16E-14 
2.86E-01 
6.03E-08 
4.17E-05 
1.16E-07 
1.37E+00 
2.64E-08 
5.02E-07 
6.41E-09 
2.60E-01 
2.26E-05 
1.98E-05 
3.24E-04 
4.20E-02 
9.00E-05 
2.62E-05 
1.33E-06 
1.59E-04 
3.11E-02 
4.89E-05 
9.97E-06 
7.87E-06 
1.49E-02 
1.59E-05 
1.78E-05 
7.70E-11 
6.11E-06 
1.29E-06 
2.71E-03 
5.58E-06 
2.69E-12 
2.88E-06 
1.32E-10 
2.04E-07 
2.45E-03 



1.40E+01 
1.66E-14 
2.56E-05 
1.18E+01 
5.39E-17 
3.42E-11 
9.03E-18 
9.41E-15 
9.41E-13 
3.72E-01 
8.18E-08 
3.39E-06 
6.54E-07 
6.32E+00 
1.23E-08 
2.93E-07 
1.17E-07 
2.64E-01 
1.41E-05 
1.66E-05 
3.28E-04 
3.37E-01 
5.95E-04 
6.90E-05 
3.80E-05 
7.52E-03 
7.17E-01 
3.72E-03 
2.82E-03 
1.01E-03 
2.60E-01 
8.44E-04 
2.08E-03 
5.04E-08 
1.80E-04 
7.92E-05 
3.62E-02 
7.83E-04 
2.68E-10 
1.31E-04 
1.18E-08 
2.12E-05 
2.97E-02 



1.40E+01 
1.66E-14 
2.56E-05 
1.18E+01 
5.39E-17 
3.42E-11 
9.03E-18 
9.41E-15 
9.40E-13 
3.51E-01 
7.84E^08 
3.33E-06 
6.51E-07 
2.40E+00 
8.65E-09 
2.92E-07 
1.16E-07 
2.19E-01 
1.07E-05 
1.45E-05 
1.66E-04 
8.99E-02 
4.11E-04 
1.22E-05 
3.43E-05 
1.34E-03 
2.28E-01 
1.29E-03 
4.83E-04 
2.24E-04 
6.11E-02 
1.29E-04 
1.32E-04 
2.63E-09 
2.46E-05 
4.28E-06 
6.08E-03 
4.15E-05 
1.99E-11 
1.07E-05 
6.14E-10 
1.14E-06 
5.60E-03 



1.63E+01 
1.24E-15 
2.86E-05 
1.56E+01 
2.02E-18 
8.78E-12 
6.04E-17 
1.72E-17 
2.49E-11 
1.56E+00 
2.38E-07 
4.38E-04 
3.33E-07 
8.81E+00 
8.60E-06 
6.00E-06 
8.49E-09 
2.48E+00 
2.40E-04 
2.10E 
4.27E 
5.70E 
3.10E 
2.32E 
5.46E 
3.29E 
3.61E 
9.32E 
2.10E 
1.75E 
1.41E 
3.89E 
6.60E 
4.52E 
6.89E 
3.29E 
2.29E 
1.81E 
1.38E 
2.52E 
7.09E 
1.72E 
1.87E 



04 
03 
01 
04 
04 
06 
03 
01 
04 
04 
04 
01 
04 
05 
11 
05 
05 
02 
05 
12 
05 
10 
06 
02 



1.63E+01 
1.24E-15 
2.86E-05 
1.55E+01 
2.02E-18 
8.78E-12 
6.04E-17 
7.85E-18 
1.62E-11 
1.17E+00 
1.70E-07 
4.37E-04 
8.27E-08 
4.02E+00 
8.56E-06 
5.99E-06 
4.06E-09 
1.30E+00 
1.14E-04 
1.08E-04 
1.99E-03 
1.97E-01 
1.16E-04 
9.70E-05 
1.40E-06 
8.07E-04 
1.18E-01 
1.80E-04 
5.04E-05 
4.26E-05 
6.23E-02 
7.15E-05 
2.92E-05 
8.39E-12 
3.30E-05 
6.06E-06 
1.23E-02 
7.26E-06 
3.41E-13 
1.47E-05 
1.30E-10 
4.78E-07 
1.20E-02 



Table 3 — Continued 



Species Yields [Mq] 

Mass [M ] 13 15 18 20 25 25 25F ' 30A 30B 40A 40B 50A 50B 

E 51 1 1 1 10 5 10 1 20 20 30 30 40 40 



42 f-i 

Ca 


9.80E- 


-07 


"Ca 


6.66E- 


08 


44 ^ 

Ca 


1.70E- 


05 


46^ 

Ca 


1.07E- 


12 


48^ 

Ca 


1.99E- 


17 


45 ci 

Sc 


2.16E- 


08 


46fp- 


6.21E- 


-06 


47 Ti 


8.72E- 


06 


48rp- 


6.32E- 


05 


49 Ti 


2.24E- 


06 


Ti 


1.18E- 


12 


V 


1.36E- 


11 


51 V 


1.63E- 


05 


Cr 


1.02E- 


05 


Cr 


8.66E- 


04 


0i> Cr 


4.97E- 


05 


° Cr 


2.38E- 


10 


55 Mn 


1.39E- 


04 


54t^ 

Fc 


7.23E- 


04 


56 n 

Fc 


7.00E- 


02 


57t^ 

Fe 


1.01E- 


03 


58 

Fe 


5.96E- 


11 


59 j~i 

Co 


1.75E- 


04 


58ht- 
°°Nl 


3.79E- 


04 


Ni 


2.14E- 


03 


61 AT- 

Ni 


3.68E- 


05 


62m. 
Nl 


1.92E- 


05 


Nl 


2.18E- 


15 


63 Cu 


4.86E- 


06 


65 Cu 


2.24E- 


-07 


64 Zn 


1.26E- 


04 


66 Zn 


7.74E- 


-07 


67 Zn 


1.73E- 


08 


68 Zn 


2.85E- 


08 


70 Zn 


3.04E- 


16 


69 Ga 


7.59E- 


09 


71 Ga 


1.00E- 


14 


70 Gc 


8.90E- 


09 


72 Gc 


7.42E- 


15 


73 Go 


1.37E- 


14 


74 Gc 


3.77E- 


15 



1.21E- 


-06 


3.15E 


-06 


4.76E- 


-08 


3.48E 


-08 


2.17E- 


-05 


1.40E 


-05 


1.75E- 


-12 


9.26E 


-12 


4.21E- 


-14 


4.21E 


-16 


3.53E- 


-08 


4.82E 


-08 


2.56E- 


-06 


3.41E 


-06 


3.68E- 


-06 


4.68E 


-06 


8.94E- 


-05 


9.35E 


-05 


2.79E- 


-06 


9.83E 


-07 


9.24E- 


-13 


1.62E 


-12 


1.04E- 


-11 


3.08E 


-11 


8.53E- 


-06 


8.97E 


-06 


7.43E- 


-06 


6.90E 


-06 


1.17E- 


-03 


1.35E 


-03 


5.66E- 


-05 


1.87E 


-05 


3.84E- 


-10 


7.70E 


-10 


9.01E- 


-05 


3.74E 


-05 


5.00E- 


-04 


2.70E 


-04 


7.00E- 


-02 


7.00E 


-02 


1.08E- 


-03 


7.98E 


-04 


1.56E- 


-10 


2.76E 


-10 


1.30E- 


-04 


1.49E 


-04 


3.55E- 


-04 


2.92E 


-04 


1.56E- 


-03 


1.44E 


-03 


3.03E- 


-05 


1.95E 


-05 


1.47E- 


-05 


1.23E 


-05 


2.67E- 


-13 


1.35E 


-14 


3.45E- 


-06 


3.58E 


-06 


2.33E- 


-07 


1.50E 


-07 


1.18E- 


-04 


8.72E 


-05 


1.03E- 


-06 


4.67E 


-07 


2.30E- 


-08 


1.20E 


-08 


3.16E- 


-08 


3.66E 


-08 


3.03E- 


-14 


7.45E 


-15 


5.50E- 


-09 


5.55E 


-09 


8.31E- 


-14 


3.35E 


-14 


6.27E- 


-09 


4.35E 


-09 


7.63E- 


-13 


5.90E 


-13 


1.84E- 


-13 


1.36E 


-13 


5.05E- 


-14 


5.80E 


-14 



1.34E- 


06 


1.11E- 


06 


2.59E- 


07 


4.68E- 


-08 


1.25E- 


04 


4.26E- 


05 


1.15E- 


11 


2.61E- 


12 


5.87E- 


16 


8.89E- 


12 


1.44E- 


07 


1.77E- 


07 


5.59E- 


06 


2.21E- 


06 


9.77E- 


06 


8.14E- 


06 


1.59E- 


04 


1.37E- 


04 


2.65E- 


06 


1.89E- 


06 


8.98E- 


13 


1.92E- 


12 


1.44E- 


-11 


7.71E- 


12 


2.36E- 


05 


1.01E- 


-05 


8.43E- 


06 


2.89E- 


06 


6.79E- 


04 


1.55E- 


-03 


3.03E- 


05 


3.18E- 


05 


1.35E- 


10 


2.15E- 


10 


4.77E- 


-05 


3.70E- 


05 


1.85E- 


04 


2.14E- 


04 


8.30E- 


02 


1.07E- 


-01 


1.77E- 


03 


1.54E- 


-03 


1.32E- 


10 


5.82E- 


10 


3.72E- 


04 


1.96E- 


04 


8.45E- 


04 


4.56E- 


04 


2.99E- 


-03 


2.74E- 


-03 


6.27E- 


05 


3.66E- 


05 


4.24E- 


05 


2.25E- 


05 


8.70E- 


-13 


3.73E- 


12 


1.19E- 


-05 


6.41E- 


06 


7.21E- 


-07 


4.92E- 


-07 


3.79E- 


04 


2.04E- 


04 


5.05E- 


06 


1.66E- 


06 


1.94E- 


-07 


2.66E- 


08 


8.93E- 


-08 


1.25E- 


-07 


1.08E- 


13 


2.04E- 


13 


1.77E- 


08 


1.91E- 


08 


1.53E- 


12 


1.60E- 


12 


2.41E- 


08 


1.04E- 


08 


5.95E- 


12 


2.83E- 


12 


3.73E- 


12 


5.55E- 


12 


2.14E- 


13 


1.16E- 


12 



1.76E- 


07 


1.65E- 


08 


7.12E- 


08 


3.33E- 


-10 


6.82E- 


05 


1.82E- 


07 


1.80E- 


11 


1.18E- 


-13 


8.91E- 


12 


9.58E- 


-12 


1.24E- 


-07 


2.44E- 


09 


2.88E- 


06 


8.20E- 


09 


9.89E- 


06 


2.42E- 


08 


1.41E- 


04 


1.09E- 


06 


2.22E- 


06 


1.02E- 


08 


1.96E- 


12 


5.20E- 


-13 


2.13E- 


12 


2.17E- 


-13 


1.59E- 


-05 


1.74E- 


08 


2.79E- 


06 


1.70E- 


08 


1.30E- 


-03 


1.47E- 


-05 


4.17E- 


05 


1.60E- 


-07 


3.78E- 


11 


1.45E- 


-12 


3.05E- 


05 


1.44E- 


-07 


8.50E- 


05 


4.48E- 


-07 


9.70E- 


02 


7.93E- 


-04 


1.55E- 


03 


9.27E- 


06 


1.21E- 


10 


3.68E- 


-12 


2.42E- 


04 


4.36E- 


07 


5.44E- 


04 


1.30E- 


06 


2.78E- 


03 


1.89E- 


05 


4.19E- 


-05 


2.33E- 


-07 


2.86E- 


-05 


2.00E- 


07 


9.60E- 


12 


1.84E- 


-12 


8.18E- 


06 


2.02E- 


-08 


5.77E- 


-07 


3.71E- 


09 


2.58E- 


04 


9.63E- 


-07 


2.44E- 


06 


1.14E- 


-08 


5.83E- 


08 


3.99E- 


11 


1.21E- 


07 


1.07E- 


09 


2.90E- 


12 


1.82E- 


-16 


2.12E- 


08 


1.41E- 


10 
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Table 5 
Yields of unstable isotopes. 



Species Yields [Mq] 
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Table 7 
imf-integrated yields. 



Species Yields [Mass fractions] 

Mms > 30M Q models A B A B A B 

"n/p ratio" No No Yes Yes Yes Yes 

"low-density" No No No No Yes Yes 

The abundance pattern Fig. \5\ Fig. |9) Fig. fTOk 
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-OS 


4 


.90E- 


-OS 


3 


.88E- 


-08 


48 Ti 


5 


.58E- 


■07 


4 


.06E- 


■07 


4.62E- 


-07 


3.34E- 


-07 


9 


.X0E- 


-07 


5 


.76E- 


-07 


49 T ; 


9 


.45E- 


09 


7 


.63E- 


09 


X.33E- 


-OS 


1.05E- 


-OS 


6 


.87E- 


-OS 


3 


.94E- 


-08 


50 T ; 


1 


.38E- 


■14 


X 


.25E- 


-14 


X.33E- 


-14 


1.19E- 


-14 


7 


.05E- 


-15 


5 


.30E- 


-15 


50y 


7 


.70E- 


■14 


4 


.89E- 


-14 


X.XXE- 


-13 


7.21E- 


-14 


1 


.35E- 


-13 


6 


.X9E- 


-14 



23 



Table 7- — Continued 



Species Yields [Mass fractions] 

M M s > 30A/ Q models A B A B A B 

"n/p ratio" No No Yes Yes Yes Yes 

"low-density" No No No No Yes Yes 

The abundance pattern Fig. [5] Fig. [9) Fig. fTok 



51y 


6 


.87E- 


-08 


5 


.36E- 


-08 


1.03E- 


-07 


8.07E- 


-08 


1 


.23E- 


-07 


9 


.00E- 


-08 


50 Cr 


3 


.25E- 


-08 


2 


.47E- 


-08 


7.81E- 


-08 


5.93E- 


-08 


1 


.03E- 


-07 


6 


.57E- 


-08 


52 Cr 


4 


.66E- 


-06 


3 


.72E- 


-06 


4.45E- 


-06 


3.53E- 


-06 


5 


.28E- 


06 


3 


.97E- 


06 


53 Cr 


1 


.75E- 


-07 


1 


.44E- 


-07 


2.44E- 


-07 


1.96E- 


-07 


3 


.14E- 


-07 


2 


.33E- 


-07 


54 Cr 


1 


.89E- 


-12 


9 


.63E- 


13 


9.03E- 


-12 


6.09E- 


-12 


1 


.14E- 


-11 


3 


.10E- 


12 


55 Mn 


2 


.92E- 


-07 


2 


.63E- 


-07 


6.64E- 


-07 


5.29E- 


-07 


7 


.88E- 


-07 


5 


.88E- 


-07 


54 Fe 


1 


.64E- 


-06 


1 


.34E- 


-06 


5.10E- 


-06 


3.82E- 


-06 


5 


.31E- 


06 


3 


.74E- 


06 


56 Fe 


3 


.81E- 


-04 


2 


.89E- 


-04 


3.82E- 


-04 


2.92E- 


-04 


3 


.91E- 


-04 


2 


.95E- 


-04 


57 Fe 


6 


.33E- 


-06 


4 


.69E- 


-06 


4.98E- 


-06 


3.59E- 


-06 


5 


.25E- 


-06 


3 


.73E- 


-06 


58 Fe 


1 


.32E- 


12 


4 


.56E- 


13 


4.26E- 


-12 


2.48E- 


-12 


5 


.62E- 


12 


1 


.24E- 


12 


59 Co 


1 


.03E- 


-06 


7 


.78E- 


-07 


1.58E- 


-06 


1.25E- 


-06 


2 


.77E- 


-06 


1 


.94E- 


-06 


58 Ni 


2 


.33E- 


-06 


1 


.74E- 


-06 


2.81E- 


-06 


2.13E- 


-06 


5 


.35E- 


-06 


3 


.50E- 


-06 


60 Ni 


1 


16E- 


-05 


8 


.52E- 


-06 


1.21E 


-05 


8.96E- 


-06 


1 


.38E- 


-05 


9 


.82E- 


-06 


61 Ni 


1 


.86E- 


-07 


1 


.42E- 


-07 


1.34E- 


-07 


1.01E- 


-07 


1 


.60E- 


-07 


1 


.14E- 


-07 


62 Ni 


1 


16E- 


-07 


8 


.64E- 


-08 


1.27E- 


-07 


9.99E- 


-08 


1 


.61E- 


-07 


1 


.12E- 


-07 


64 Ni 


1 


.30E- 


-14 


1 


.21E- 


-14 


9.99E- 


-15 


9.24E- 


-15 


7 


.71E- 


-15 





.32E- 


-15 


63 Cu 


3 


.28E- 


-08 


2 


.40E- 


-08 


3.93E- 


-08 


2.97E- 


-08 


6 


.47E- 


-08 


4 


.41E- 


-08 


65 Cu 


2 


.38E- 


-09 


1 


.61E- 


-09 


1.76E- 


-09 


1.16E- 


-09 


3 


.46E- 


-09 


2 


.03E- 


-09 


64 Zn 


1 


.04E- 


-06 


7 


.43E- 


-07 


9.53E- 


-07 


6.75E- 


-07 


1 


.83E- 


-06 


1 


.15E- 


06 


66 Zn 


1 


.13E- 


-08 


7 


.72E- 


-09 


7.09E- 


-09 


4.81E- 


-09 


2 


.32E- 


-08 


1 


.35E- 


-08 


67 Zn 


2 


.96E- 


-10 


2 


13E- 


-10 


2.41E- 


-10 


1.73E 


-10 


2 


.26E- 


-09 


1 


.28E- 


09 


68 Zn 


4 


.57E- 


-10 


2 


.87E- 


-10 


5.14E- 


-10 


3.23E- 


-10 


2 


.75E- 


-10 


1 


.94E- 


10 


70 Zn 


7 


.74E- 


■15 


7 


.23E- 


-15 


7.44E- 


-15 


7.20E- 


-15 


5 


.12E- 


15 


4 


.64E- 


-15 


69 Ga 


7 


.83E- 


-11 


5 


.08E- 


-11 


8.78E- 


-11 


5.67E- 


-11 


8 


.48E- 


-11 


5 


.51E- 


-11 


71 Ga 


5 


.87E- 


-14 


5 


.70E- 


-14 


5.44E- 


-14 


5.36E- 


-14 


1 


.85E- 


14 


1 


.74E- 


-14 


70 Ge 


5 


.90E- 


-11 


4 


.33E- 


-11 


5.35E- 


-11 


3.90E- 


-11 


8 


.06E- 


-11 


5 


.34E- 


-11 


72 Ge 


3 


.81E- 


-14 


3 


.40E- 


-14 


4.45E- 


-14 


4.05E- 


-14 


1 


.34E- 


14 


1 


.01E- 


14 


73 Ge 


4 


.78E- 


-14 


4 


.56E- 


-14 


4.46E- 


-14 


4.18E- 


-14 


2 


.23E- 


-14 


2 


.01E- 


14 


74 Go 


1 


.91E- 


-14 


1 


.84E- 


-14 


1.50E- 


-14 


1.45E- 


-14 


8 


.33E- 


-15 


7 


.80E- 


-15 
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Table 9 

The explosion models with the Y c modification. 



Mms -Ebi M( 56 Ni) M (Mg) [Fc/H] a [O/Fc] [Mg/Fe] M cut (fin) M cut (ini) M mix (out) / b The abundance pattern 



13 


1 


0.07 


0.09 


-2.55 


-0.08 


0.37 


15 


1 


0.07 


0.07 


-2.55 


0.15 


0.27 


18 


1 


0.07 


0.16 


-2.55 


0.40 


0.63 


20 


10 


0.08 


0.17 


-3.34 


0.50 


0.58 


25 


5 


0.10 


0.14 


-2.98 


0.50 


0.41 


25 


10 


0.10 


0.16 


-3.25 


0.50 


0.48 


30A 


20 


0.16 


0.22 


-3.31 


0.50 


0.41 


30B 


20 


0.05 


0.04 


-3.82 


0.55 


0.20 


40A 


30 


0.26 


0.34 


-3.26 


0.50 


0.39 


40B 


30 


0.11 


0.09 


-3.63 


0.46 


0.20 


50A 


40 


0.36 


0.57 


-3.22 


0.50 


0.47 


50B 


40 


0.24 


0.20 


-3.40 


0.35 


0.20 



1.57 






1 


Fig.iji 


1.48 






1 


Fig.|9p 


1.65 






1 


Fig.HJ; 


1.88 


1.52 


2.02 


0.28 


Fig. Hi 


2.39 


1.79 


2.61 


0.27 


Fig.iJ 


2.90 


1.79 


2.99 


0.07 


Fig. m 


3.27 


1.65 


3.59 


0.17 


Fig.iJ 


6.73 


1.65 


7.01 


0.05 


Fig.iJ 


5.53 


2.24 


6.00 


0.12 


Fig.iJ; 


10.70 


2.24 


11.16 


0.05 


Fig.iJ; 


3.51 


1.89 


4.15 


0.28 


Fig. Hi 


10.99 


1.89 


13.05 


0.18 


Fig. Hi 



a [Fc/H] is determined as [Fe/H] ~ log 10 (A-f (Fe)/E^ 7 ) — C. Here we assume that C is a constant value, C — 1.4. 
b / is an ejection factor. / — 1 corresponds to normal SN models without the mixing-fallback model. 

Note. — Same as Tabled but for models applied the Y c modification described in § [5] 



Table 11 

Yields of stable isotopes for the models with the Y c modification. 



Species 












Yields [M ] 












Mass [Mq] 


13 


15 


18 


20 


25 


25 30A 


30B 


40A 


40B 


50A 


50B 


-E51 


1 


1 


1 


10 


5 


10 20 


20 


30 


30 


40 


40 



P 


6.59E+00 


7.58E+00 


8.43E+00 


8.77E+00 


1.06E+01 


1.05E+01 


1.17E+01 


1.17E+01 


1.40E+01 


1.40E+01 


1.63E+01 


1.63E+01 


d 


1.49E- 


-16 


1.69E- 


-16 


1.28E- 


-16 


8.66E- 


-17 


2.04E- 


-16 


2.06E- 


-16 


1.09E- 


-14 


1.09E- 


-14 


1.66E- 


-14 


1.66E- 


-14 


1.24E-15 


1.24E-15 


3 He 


4.12E- 


-05 


4.09E- 


-05 


3.33E- 


-05 


4.76E- 


-05 


2.11E- 


-04 


2.11E- 


-04 


2.06E- 


-04 


2.06E- 


-04 


2.56E- 


-05 


2.56E- 


-05 


2.86E-05 


2.86E-05 


4 He 


4.01E+00 


4.40E+00 


5.42E+00 


5.96E+00 


8.03E+00 


7.82E+00 


9.54E+00 


9.51E+00 


1.18E+01 


1.18E+01 


1.56E+01 


1.55E+01 


6 Li 


3.65E- 


-23 


1.11E- 


-22 


4.37E- 


-23 


1.36E- 


-22 


2.28E- 


-20 


2.72E- 


-20 


3.50E- 


-17 


3.50E- 


-17 


5.39E- 


-17 


5.39E- 


-17 


2.02E-18 


2.02E-18 


7 Li 


2.17E- 


-10 


2.94E- 


-10 


7.34E- 


-11 


2.79E- 


-10 


5.68E- 


-09 


5.12E- 


-09 


2.36E- 


-08 


2.36E- 


-08 


3.42E- 


-11 


3.42E- 


-11 


8.78E-12 


8.78E-12 


9 Bc 


1.77E- 


-20 


3.22E- 


-22 


1.05E- 


-22 


4.83E- 


-20 


5.00E- 


-17 


3.96E- 


-17 


3.09E- 


-18 


3.09E- 


-18 


9.03E- 


-18 


9.03E- 


-18 


6.04E-17 


6.04E-17 


io B 


2.92E- 


-21 


8.30E- 


-20 


3.92E- 


21 


2.88E- 


-19 


2.79E- 


-15 


8.28E- 


-14 


2.95E- 


-14 


2.95E- 


-14 


1.41E- 


-14 


1.41E- 


-14 


1.51E-17 


5.27E-18 


X1 B 


2.94E- 


-16 


3.30E- 


-16 


7.14E- 


-16 


1.09E- 


-15 


5.91E- 


-14 


1.06E- 


-12 


6.84E- 


-13 


6.80E- 


-13 


3.25E- 


-13 


3.24E- 


-13 


2.98E-14 


5.55E-15 


12 C 


7.41E- 


-02 


1.72E- 


-01 


2.18E- 


-01 


1.90E- 


-01 


2.79E- 


-01 


2.86E- 


-01 


3.16E- 


-01 


2.86E- 


01 


3.72E- 


-01 


3.51E- 


-01 


1.56E+00 


1.17E+00 


13 C 


8.39E- 


-08 


6.21E- 


-08 


2.63E- 


-09 


1.18E- 


-08 


2.90E- 


-08 


7.43E- 


-08 


6.32E- 


-08 


6.03E- 


-08 


8.19E- 


-08 


7.85E- 


-08 


2.38E-07 


1.70E-07 


14 N 


1.83E- 


-03 


1.86E- 


-03 


1.89E- 


-04 


5.42E- 


-05 


5.92E- 


-04 


5.29E- 


-04 


4.18E- 


-05 


4.17E- 


-05 


3.39E- 


-06 


3.33E- 


-06 


4.38E-04 


4.37E-04 


15 N 


6.38E- 


-08 


6.86E- 


-08 


2.40E- 


-08 


2.95E- 


-08 


1.64E- 


-07 


1.73E- 


-07 


2.20E- 


-07 


1.16E- 


-07 


6.54E- 


-07 


6.51E- 


-07 


3.30E-07 


8.15E-08 




4.50E- 


-01 


7.73E- 


-01 


1.38E4 


-00 


2.03E4 


-00 


2.60E4 


-00 


2.55E- 


fOO 


3.92E- 


fOO 


1.37E4 


-00 


6.32E4 


-00 


2.40E- 


fOO 


8.86E+00 


4.04E+00 


17 o 


1.69E- 


-06 


1.57E- 


-06 


2.79E- 


-07 


7.13E- 


-08 


1.49E- 


-06 


1.33E- 


-06 


3.81E- 


-08 


2.64E- 


-08 


1.23E- 


-08 


8.65E- 


-09 


8.60E-06 


8.56E-06 


18 Q 


5.79E- 


-08 


4.89E- 


-06 


4.63E- 


-06 


2.33E- 


-08 


4.66E- 


-07 


4.15E- 


-07 


5.03E- 


-07 


5.02E- 


-07 


2.93E- 


-07 


2.92E- 


-07 


6.00E-06 


5.99E-06 


19p 


1.17E- 


-10 


1.97E- 


-09 


7.91E- 


-09 


2.12E- 


09 


1.43E- 


09 


1.77E- 


-09 


7.88E- 


-09 


6.41E- 


-09 


1.17E- 


-07 


1.16E- 


-07 


8.49E-09 


4.07E-09 


20 Nc 


1.53E- 


-02 


3.27E- 


-01 


4.94E- 


-01 


7.49E- 


01 


3.91E- 


-01 


3.06E- 


-01 


5.20E- 


-01 


2.60E- 


-01 


2.64E- 


-01 


2.19E- 


-01 


2.48E+00 


1.30E+00 


21 Ne 


5.42E- 


-07 


3.76E- 


-05 


9.12E- 


-05 


3.58E- 


05 


1.47E- 


-05 


1.31E- 


-05 


3.51E- 


-05 


2.26E- 


05 


1.41E- 


-05 


1.07E- 


-05 


2.40E-04 


1.15E-04 


22 Nc 


1.98E- 


-07 


1.61E- 


-05 


2.57E- 


-05 


5.51E- 


05 


1.30E- 


-05 


9.24E- 


-06 


3.52E- 


-05 


1.98E- 


-05 


1.66E- 


-05 


1.45E- 


-05 


2.10E-04 


1.08E-04 


23 Na 


1.44E- 


-04 


2.45E- 


-03 


2.08E- 


-03 


2.31E- 


-03 


6.74E- 


-04 


4.74E- 


-04 


7.36E- 


-04 


3.24E- 


-04 


3.28E- 


-04 


1.66E- 


-04 


4.27E-03 


1.99E-03 


24 Mg 


8.62E- 


-02 


6.82E- 


-02 


1.57E- 


-01 


1.65E- 


-01 


1.43E- 


01 


1.64E- 


-01 


2.17E- 


-01 


4.20E- 


-02 


3.37E- 


-01 


9.00E- 


-02 


5.70E-01 


1.97E-01 


25 Mg 


1.56E- 


-04 


2.98E- 


-04 


5.83E- 


-04 


1.07E- 


-04 


4.52E- 


-05 


4.90E- 


-05 


1.45E- 


-04 


9.00E- 


-05 


5.95E- 


-04 


4.11E- 


-04 


3.10E-04 


1.17E-04 


26 Mg 


7.07E- 


-05 


3.98E- 


-04 


8.73E- 


-04 


2.09E- 


-04 


4.31E- 


05 


4.17E- 


-05 


8.00E- 


-05 


2.62E- 


-05 


6.90E- 


-05 


1.23E- 


-05 


2.32E-04 


9.73E-05 


26 A1 


1.01E- 


-06 


1.14E- 


-06 


3.34E- 


-06 


1.32E- 


-06 


1.22E- 


06 


1.40E- 


-06 


3.01E- 


-06 


1.36E- 


06 


3.80E- 


-05 


3.43E- 


-05 


5.37E-06 


1.34E-06 


27 A1 


3.78E- 


-03 


1.37E- 


-03 


3.14E- 


-03 


1.50E- 


03 


8.59E- 


-04 


9.58E- 


-04 


1.55E- 


-03 


1.59E- 


-04 


7.52E- 


-03 


1.34E- 


-03 


3.29E-03 


8.12E-04 


28 Si 


8.04E- 


-02 


7.32E- 


-02 


1.16E- 


-01 


1.03E- 


01 


2.62E- 


-01 


2.41E- 


-01 


2.47E- 


-01 


3.17E- 


-02 


7.20E- 


-01 


2.29E- 


-01 


4.77E-01 


1.25E-01 


29 Si 


7.50E- 


-04 


2.39E- 


-04 


4.42E- 


-04 


2.95E- 


-04 


5.15E- 


-04 


5.77E- 


-04 


8.85E- 


-04 


4.90E- 


05 


3.72E- 


-03 


1.29E- 


-03 


9.96E-04 


1.91E-04 


30 Si 


1.42E- 


-03 


1.50E- 


-04 


3.45E- 


-04 


1.15E- 


-04 


5.88E- 


05 


6.90E- 


-05 


1.49E- 


-04 


1.06E- 


05 


2.82E- 


-03 


4.84E- 


-04 


2.20E-04 


5.21E-05 


31p 


4.88E- 


-04 


5.65E- 


-05 


1.32E- 


-04 


7.79E- 


-05 


5.34E- 


05 


6.38E- 


-05 


1.17E- 


-04 


7.55E- 


-06 


1.01E- 


-03 


2.24E- 


-04 


2.13E-04 


4.61E-05 


32g 


2.37E- 


-02 


3.20E- 


-02 


4.07E- 


-02 


4.27E- 


-02 


1.18E- 


-01 


9.43E- 


-02 


8.49E- 


-02 


1.48E- 


-02 


2.59E- 


-01 


6.11E- 


-02 


2.00E-01 


6.03E-02 


33 S 


8.98E- 


-05 


7.55E- 


-05 


1.03E- 


-04 


1.44E- 


-04 


2.15E- 


-04 


2.47E- 


-04 


3.02E- 


-04 


1.61E- 


-05 


8.45E- 


-04 


1.29E- 


-04 


5.42E-04 


1.02E-04 


34g 


2.81E- 


-04 


2.03E- 


-04 


2.85E- 


-04 


1.89E- 


-04 


5.43E- 


-05 


1.37E- 


-04 


2.75E- 


-04 


1.92E- 


-05 


2.09E- 


-03 


1.34E- 


-04 


5.94E-04 


1.32E-04 


36g 


1.48E- 


-08 


1.43E- 


-09 


5.34E- 


-09 


8.33E- 


-10 


6.69E- 


-11 


5.77E- 


-11 


1.41E- 


-09 


7.84E- 


-11 


5.04E- 


-08 


2.66E- 


-09 


5.58E-11 


1.04E-11 


35 C [ 


5.54E- 


-05 


1.56E- 


-05 


2.69E- 


-05 


4.28E- 


-05 


2.33E- 


05 


3.70E- 


-05 


4.98E- 


-05 


7.51E- 


-06 


1.82E- 


-04 


2.58E- 


-05 


1.50E-04 


5.16E-05 


37 C1 


3.04E- 


-06 


5.83E- 


-06 


9.12E- 


-06 


1.89E- 


-05 


2.54E- 


05 


3.10E- 


-05 


2.39E- 


-05 


1.35E- 


06 


7.96E- 


-05 


4.48E- 


-06 


7.61E-05 


1.46E-05 


36 Ar 


3.24E- 


-03 


5.28E- 


-03 


5.67E- 


-03 


6.79E- 


03 


1.86E- 


-02 


1.38E- 


-02 


1.15E- 


-02 


2.59E- 


-03 


3.55E- 


-02 


5.86E- 


-03 


3.06E-02 


1.05E-02 


38 Ar 


5.30E- 


-05 


6.32E- 


-05 


1.70E- 


-04 


1.28E- 


-04 


4.98E- 


05 


1.84E- 


-04 


9.20E- 


-05 


6.00E- 


-06 


7.84E- 


-04 


4.22E- 


-05 


8.75E-04 


1.67E-04 


40 Ar 


8.01E- 


-11 


1.78E- 


-11 


3.96E- 


-11 


3.79E- 


-11 


5.17E- 


-12 


6.41E- 


-12 


1.95E- 


-11 


3.51E- 


-12 


2.77E- 


-10 


2.93E- 


-11 


3.64E-12 


6.74E-13 


39 K 


5.74E- 


-06 


8.88E- 


-06 


1.98E- 


-05 


2.54E- 


05 


2.27E- 


05 


4.25E- 


-05 


2.38E- 


-05 


3.90E- 


06 


1.33E- 


-04 


1.17E- 


-05 


1.71E-04 


4.44E-05 


40 K 


1.14E- 


-09 


9.10E- 


-10 


1.96E- 


-09 


4.40E- 


09 


1.84E- 


-09 


1.51E- 


-09 


2.52E- 


-09 


1.34E- 


-10 


1.18E- 


-08 


6.21E- 


-10 


5.89E-09 


1.09E-09 


4l K 


3.54E- 


-07 


8.05E- 


-07 


1.72E- 


-06 


3.73E- 


06 


6.75E- 


06 


6.94E- 


-06 


3.66E- 


-06 


2.15E- 


-07 


2.13E- 


-05 


1.20E- 


-06 


1.43E-05 


2.82E-06 


40 Ca 


2.92E- 


-03 


4.41E- 


-03 


4.40E- 


-03 


4.77E- 


-03 


1.49E- 


-02 


1.02E- 


-02 


8.22E- 


-03 


2.25E- 


-03 


2.86E- 


-02 


5.18E- 


-03 


2.22E-02 


8.98E-03 



Table 11 — Continued 



Species 
Mass [Mq] 

^51 


13 
1 




15 
1 




18 
1 




20 
10 




25 
5 




Yields [M ] 
25 30A 
10 20 




30B 
20 




40A 
30 




40B 
30 




50A 
40 




50B 
40 




42 Ca 


9.77E- 


-07 


1.23E- 


-06 


3.62E- 


-06 


3.41E- 


-06 


1.29E- 


06 


5.53E- 


-06 


1.62E- 


-06 


8.49E- 


-08 


1.97E- 


-05 


1.03E- 


-06 


2.75E- 


-05 


5.08E- 


-06 


43 Ca 


6.75E- 


-08 


4.58E- 


-08 


3.65E- 


-08 


2.06E- 


-07 


5.54E- 


-08 


9.96E- 


-08 


1.68E- 


-07 


5.18E- 


-08 


1.50E- 


-07 


5.83E- 


-08 


4.79E- 


-07 


3.10E- 


-07 


44 Ca 


9.55E- 


-06 


1.19E- 


-05 


8.75E- 


-06 


1.09E- 


-04 


2.86E- 


-05 


5.25E- 


-05 


1.49E- 


-04 


4.63E- 


-05 


1.53E- 


-04 


6.28E- 


-05 


5.37E- 


-04 


3.51E- 


-04 


46 Ca 


1.07E- 


-12 


1.76E- 


-12 


9.27E- 


-12 


1.15E- 


-11 


2.61E- 


-12 


2.66E- 


-11 


8.42E- 


-12 


6.77E- 


-12 


4.61E- 


-11 


3.37E- 


-11 


1.04E- 


-12 


1.93E- 


-13 


48 Ca 


1.14E- 


-17 


4.21E- 


-14 


4.17E- 


-16 


5.74E- 


-16 


8.89E- 


-12 


1.08E- 


-11 


5.76E- 


-13 


5.72E- 


-13 


6.20E- 


-12 


6.20E- 


-12 


7.67E- 


-14 


1.42E- 


-14 


45 Sc 


2.09E- 


-08 


4.00E- 


-08 


5.52E- 


-08 


7.30E- 


-07 


2.51E- 


-07 


2.32E- 


-07 


6.85E- 


-08 


1.29E- 


-08 


6.27E- 


-07 


4.89E- 


-08 


5.89E- 


-07 


1.59E- 


-07 


46 T; 


8.17E- 


06 


4.97E- 


-06 


4.96E- 


-06 


1.09E- 


-05 


3.38E- 


-06 


7.57E- 


-06 


8.92E- 


-06 


2.65E- 


-06 


1.21E- 


-05 


2.42E- 


-06 


3.38E- 


-05 


1.58E- 


-05 


47 Ti 


1.22E- 


-05 


8.51E- 


-06 


7.79E- 


-06 


1.86E- 


-05 


1.27E- 


-05 


1.82E- 


-05 


3.21E- 


-05 


9.99E- 


-06 


3.18E- 


-05 


1.34E- 


-05 


8.35E- 


-05 


5.47E- 


-05 


48 Ti 


5.66E- 


05 


7.32E- 


-05 


7.18E- 


-05 


1.23E- 


-04 


1.06E- 


-04 


1.13E- 


-04 


2.36E- 


-04 


7.36E- 


-05 


3.13E- 


-04 


1.31E- 


-04 


6.41E- 


-04 


4.20E- 


-04 


49 Ti 


2.26E- 


06 


3.30E- 


-06 


2.99E- 


-06 


3.80E- 


-06 


4.13E- 


06 


3.30E- 


-06 


5.62E- 


-06 


1.75E- 


-06 


6.87E- 


06 


2.70E- 


-06 


8.37E- 


-06 


5.26E- 


-06 


50 T; 


1.18E- 


-12 


9.55E- 


-13 


1.72E- 


-12 


9.35E- 


13 


1.92E- 


-12 


3.02E- 


-12 


1.61E- 


-12 


1.26E- 


-12 


3.10E- 


-11 


2.68E- 


-11 


1.10E- 


-12 


2.03E- 


-13 


50y 


1.35E- 


-11 


1.05E- 


-11 


4.60E- 


-11 


2.62E- 


-11 


8.16E- 


-12 


2.88E- 


- 1 1 


9.04E- 


-12 


7.27E- 


-13 


1.13E- 


-10 


2.06E- 


-11 


1.42E- 


-10 


2.63E- 


-11 


Sly 


2.00E- 


-05 


1.60E- 


-05 


1.41E- 


-05 


4.05E- 


-05 


1.63E- 


05 


2.55E- 


-05 


4.90E- 


-05 


1.53E- 


-05 


3.91E- 


-05 


1.63E- 


-05 


1.11E- 


-04 


7.21E- 


-05 


50 Cr 


1.07E- 


-05 


1.61E- 


-05 


2.64E- 


-05 


1.98E- 


-05 


3.29E- 


05 


2.60E- 


-05 


1.96E- 


-05 


5.88E- 


-06 


4.13E- 


-05 


9.90E- 


-06 


8.80E- 


-05 


2.88E- 


-05 


52 Cr 


8.84E- 


-04 


1.09E- 


-03 


1.13E- 


-03 


6.89E- 


-04 


1.31E- 


03 


1 17E- 


-03 


1.57E- 


-03 


4.89E- 


-04 


2.75E- 


03 


1.16E- 


03 


3.17E- 


03 


2.07E- 


-03 


53 Cr 


4.96E- 


-05 


6.76E- 


-05 


6.43E- 


-05 


3.34E- 


05 


7.78E- 


05 


6.64E- 


-05 


9.04E- 


-05 


2.82E- 


-05 


1.31E- 


-04 


5.46E- 


-05 


1.43E- 


-04 


8.85E- 


-05 


54 Cr 


2.35E- 


-10 


4.13E- 


-10 


3.25E- 


-09 


2.61E- 


-09 


4.15E- 


-10 


6.12E- 


-09 


9. 16E- 


-11 


7.16E- 


-12 


3.52E- 


-09 


2.17E- 


-10 


2.76E- 


-08 


5.11E- 


-09 


55 Mn 


1.33E- 


-04 


1.86E- 


-04 


1.74E- 


-04 


8.17E- 


-05 


2.22E- 


-04 


1.86E- 


-04 


2.47E- 


-04 


7.70E- 


-05 


3.69E- 


-04 


1.50E- 


-04 


3.88E- 


-04 


2.25E- 


-04 


54 Fe 


7.29E- 


-04 


1.24E- 


-03 


1.40E- 


-03 


7.18E- 


-04 


2.79E- 


03 


1.73E- 


-03 


1.74E- 


-03 


5.41E- 


-04 


3.30E- 


03 


1.09E- 


-03 


4.66E- 


-03 


1.93E- 


-03 


56 Fe 


7.00E- 


-02 


7.00E- 


-02 


7.00E- 


-02 


8.27E- 


-02 


1.04E- 


-01 


1.03E- 


01 


1.60E- 


-01 


4.97E- 


-02 


2.56E- 


-01 


1.08E- 


-01 


3.59E- 


-01 


2.35E- 


-01 


57 Fe 


7.33E- 


-04 


6.88E- 


-04 


6.60E- 


-04 


1.13E- 


-03 


1.26E- 


03 


1.40E- 


-03 


2.43E- 


-03 


7.57E- 


-04 


3.80E- 


03 


1.60E- 


-03 


6.10E- 


03 


3.99E- 


-03 


58 Fe 


5.67E- 


-11 


1.76E- 


-10 


8.07E- 


-10 


1.28E- 


-09 


7.15E- 


-10 


2.77E- 


-09 


9.22E- 


-11 


6.69E- 


-12 


3.30E- 


-09 


2.25E- 


-10 


1.26E- 


-08 


2.32E- 


-09 


59 Co 


2.77E- 


-04 


3.02E- 


-04 


2.30E- 


-04 


6.42E- 


-04 


2.73E- 


-04 


3.57E- 


-04 


7.19E- 


-04 


2.24E- 


-04 


6.15E- 


-04 


2.59E- 


-04 


1.77E- 


-03 


1.16E- 


-03 


58 Ni 


4.06E- 


-04 


4.57E- 


-04 


3.85E- 


-04 


9.68E- 


-04 


6.60E- 


-04 


8.66E- 


-04 


1.32E- 


-03 


4.12E- 


-04 


1.46E- 


-03 


5.67E- 


-04 


3.31E- 


-03 


2.08E- 


-03 


60 Ni 


2.18E- 


-03 


1.68E- 


-03 


1.65E- 


-03 


2.97E- 


-03 


2.94E- 


03 


3.29E- 


-03 


5.60E- 


-03 


1.75E- 


-03 


8.50E- 


-03 


3.58E- 


03 


1.30E- 


-02 


8.49E- 


-03 


61 Ni 


2.56E- 


-05 


1.72E- 


-05 


1.46E- 


-05 


4.06E- 


-05 


2.50E- 


05 


3.68E- 


-05 


6.21E- 


-05 


1.94E- 


-05 


8.14E- 


-05 


3.43E- 


-05 


1.57E- 


-04 


1.03E- 


-04 


62 Ni 


1.94E- 


-05 


1.51E- 


-05 


1.24E- 


-05 


3.99E- 


-05 


1.97E- 


-05 


6.66E- 


-05 


5.26E- 


-05 


1.64E- 


-05 


6.26E- 


-05 


2.64E- 


-05 


1.38E- 


-04 


9.04E- 


-05 


64 Ni 


2.14E- 


-15 


1.01E- 


-13 


1.07E- 


-14 


8.67E- 


-13 


3.73E- 


-12 


7.27E- 


-12 


3.59E- 


-12 


2.59E- 


-12 


1.78E- 


-11 


1.78E- 


-11 


5.33E- 


-12 


9.92E- 


-13 


63 Cu 


6.24E- 


-06 


5.46E- 


-06 


4.49E- 


-06 


1.53E- 


-05 


6.84E- 


-06 


9.48E- 


-06 


1.90E- 


-05 


5.92E- 


-06 


2.10E- 


-05 


8.84E- 


-06 


5.10E- 


-05 


3.34E- 


-05 


65 Cu 


1.40E- 


-07 


1.23E- 


-07 


1.17E- 


-07 


4.78E- 


-07 


3.64E- 


-07 


4.84E- 


-07 


1.03E- 


-06 


3.21E- 


-07 


1.62E- 


06 


6.81E- 


-07 


3.10E- 


06 


2.03E- 


-06 


64 Zn 


1.10E- 


-04 


9.81E- 


-05 


8.47E- 


-05 


3.34E- 


-04 


1.86E- 


-04 


2.49E- 


-04 


5.29E- 


-04 


1.65E- 


-04 


6.57E- 


-04 


2.77E- 


-04 


1.43E- 


03 


9.37E- 


-04 


66 Zn 


4.49E- 


-07 


4.05E- 


-07 


3.65E- 


-07 


2.53E- 


-06 


1.06E- 


06 


2.47E- 


06 


4.19E- 


-06 


1.31E- 


-06 


5.33E- 


-06 


2.25E- 


-06 


1.29E- 


-05 


8.47E- 


-06 


67 Zn 


1.49E- 


-08 


1.59E- 


-08 


1.27E- 


-08 


1.56E- 


-07 


2.36E- 


-08 


4.92E- 


-08 


1.53E- 


-07 


4.78E- 


-08 


1.03E- 


-07 


4.36E- 


-08 


4.35E- 


-07 


2.85E- 


-07 


68 Zn 


2.54E- 


-08 


3.22E- 


-08 


3.43E- 


-08 


1.15E- 


-07 


1.20E- 


-07 


1.32E- 


-07 


3.10E- 


-07 


9.66E- 


-08 


5.03E- 


-07 


2.12E- 


-07 


1.13E- 


06 


7.40E- 


-07 


70 Zn 


5.95E- 


-16 


3.56E- 


-14 


6.44E- 


-15 


1.08E- 


-13 


2.03E- 


-13 


2.15E- 


-12 


7.54E- 


-13 


4.92E- 


-13 


2.23E- 


-11 


2.23E- 


-11 


1.96E- 


-12 


3.68E- 


-13 


69 Ga 


7.27E- 


-09 


6.01E- 


-09 


5.58E- 


-09 


2.02E- 


-08 


1.95E- 


-08 


2.44E- 


-08 


4.77E- 


-08 


1.49E- 


-08 


9.52E- 


-08 


4.02E- 


-08 


1.40E- 


-07 


9.15E- 


-08 


71 Ca 


7.45E- 


-15 


1.01E- 


-13 


1.65E- 


-14 


1.49E- 


-12 


1.58E- 


-12 


3.17E- 


-11 


6.77E- 


-12 


5.92E- 


-12 


1.39E- 


-10 


1.39E- 


-10 


5.49E- 


-12 


1.08E- 


-12 


70 Gc 


7.35E- 


09 


4.76E- 


-09 


3.96E- 


-09 


2.03E- 


-08 


8.99E- 


-09 


1.64E- 


-08 


2.66E- 


-08 


8.27E- 


-09 


3.59E- 


-08 


1.52E- 


-08 


7.31E- 


-08 


4.78E- 


-08 


72 Gc 


1.71E- 


-14 


7.98E- 


-13 


5.75E- 


-13 


5.96E- 


-12 


2.82E- 


-12 


3.08E- 


-11 


6.76E- 


-12 


3.15E- 


-12 


8.47E- 


-11 


8.45E- 


-11 


3.54E- 


-11 


6.59E- 


-12 


73 Gc 


1.34E- 


-14 


1.19E- 


-13 


1.10E- 


-13 


3.68E- 


-12 


5.53E- 


-12 


2.78E- 


-11 


1.17E- 


-11 


8.68E- 


-12 


9.33E- 


-11 


9.32E- 


-11 


2.28E- 


-11 


4.28E- 


12 


74 Gc 


2.49E- 


-15 


1.21E- 


-13 


4.90E- 


-14 


2.02E- 


-13 


1.16E- 


-12 


8.92E- 


-12 


2.57E- 


-12 


2.05E- 


-12 


3.65E- 


-11 


3.64E- 


-11 


3.88E- 


-12 


7.32E- 


-13 



Table 13 

Yields of unstable isotopes for the models with the Y c modification. 



Species 






















Yields [M s ] 
























Mass [M©] 


13 




15 




18 




20 




25 




25 


30A 




30B 




40A 




40B 




50A 




50B 






1 




1 




1 




10 




5 




10 


20 




20 




30 




30 




40 




40 




22 Na 


1.51E- 


-07 


7.70E- 


-06 


1.68E- 


-05 


4.65E- 


-05 


9.97E- 


-06 


7.01E-06 


2.70E- 


-05 


1.34E- 


-05 


1.37E- 


-05 


1.19E- 


-05 


1.77E- 


-04 


9.14E- 


-05 


26 Al 


9.84E- 


-07 


1.12E- 


-06 


3.33E- 


06 


9.81E- 


-07 


1.21E- 


-06 


1.37E-06 


2.92E- 


06 


1.33E- 


-06 


2.13E- 


-05 


1.76E- 


-05 


5.24E- 


-06 


1.26E- 


-06 


41 Ca 


3.54E- 


-07 


8.05E- 


-07 


1.72E- 


06 


3.73E- 


-06 


6.75E- 


-06 


6.94E-06 


3.66E- 


06 


2.15E- 


-07 


2.13E- 


-05 


1.20E- 


-06 


1.43E- 


-05 


2.82E- 


-06 


44 Ti 


9.55E- 


-06 


1.19E- 


-05 


8.75E- 


06 


1.09E- 


-04 


2.86E- 


-05 


5.25E-05 


1.49E- 


-04 


4.63E- 


-05 


1.53E- 


-04 


6.28E- 


-05 


5.37E- 


-04 


3.51E- 


-04 


60 Fe 


4.74E- 


16 


7.17E- 


-14 


3.78E- 


-15 


1.09E- 


-13 


1.53E- 


-13 


2.37E-12 


1.68E- 


-12 


1.11E- 


-12 


2.40E- 


-11 


2.40E- 


-11 


7.78E- 


-13 


1.45E- 


-13 


56 Ni 


7.00E- 


-02 


7.00E- 


-02 


7.00E- 


-02 


8.27E- 


-02 


1.04E- 


-01 


1.03E-01 


1.60E- 


-01 


4.97E- 


-02 


2.56E- 


01 


1.08E- 


-01 


3.59E- 


-01 


2.35E- 


-01 


57 Ni 


7.33E- 


-04 


6.88E- 


-04 


6.60E- 


-04 


1.13E- 


03 


1.26E- 


-03 


1.40E-03 


2.43E- 


-03 


7.56E- 


-04 


3.80E- 


03 


1.60E- 


-03 


6.09E- 


-03 


3.99E- 


-03 



Table 15 

The explosion models with the Y c and "low-density" modifications. 



Mms 


-E51 


M( 56 Ni) 


M(Mg) 


[Fc/H] 11 


[O/Fc] 


[Mg/Fc] 


M oM (fin) 


M cut (ini) 


M mix (out) 


/ b 


"low-density" factor 


The abundance pattern 


20 


10 


0.08 


0.16 


-3.33 


0.50 


0.56 


1.83 


1.52 


2.01 


0.37 


1/2 


Fig.lTok 


25 


5 


0.11 


0.14 


-2.95 


0.50 


0.35 


2.08 


1.79 


2.38 


0.51 


1/4 


Fig.lTof 


25 


10 


0.10 


0.14 


-3.25 


0.50 


0.41 


2.67 


1.79 


2.92 


0.22 


1/3 


Fig. Hob 


30A 


20 


0.16 


0.21 


-3.31 


0.50 


0.38 


2.97 


1.65 


3.42 


0.25 


1/3 


Fig.[l0j: 


30B 


20 


0.05 


0.04 


-3.86 


0.64 


0.20 


6.50 


1.65 


6.87 


0.07 


1/3 


Fig. Hot 


40A 


30 


0.28 


0.38 


-3.22 


0.50 


0.40 


4.80 


2.24 


5.53 


0.22 


1/4 


Fig. [Tojl 


40B 


30 


0.12 


0.10 


-3.59 


0.49 


0.20 


10.09 


2.24 


10.92 


0.10 


1/4 


Fig.HOJl 


50A 


40 


0.37 


0.51 


-3.20 


0.50 


0.42 


3.18 


1.89 


3.99 


0.39 


1/2 


Fig. [Tot 


50B 


40 


0.26 


0.22 


-3.36 


0.38 


0.20 


9.80 


1.89 


12.74 


0.27 


1/2 


Fig. Hot 



a [Fc/H] is determined as [Fe/H] ~ log 10 (M(Fe) / ') - C. Here wc assume that C is a constant value, C — 1.4. 
b / is an ejection factor. 



Note. — Same as Tabled but for models applied the Y c and "low-density" modifications described in § [5] 



Table 17 

Yields of stable isotopes for the models with the Y c and "low-density" modifications. 



Species 
Mass [M ] 


20 
10 




25 
5 




25 
10 




30A 
20 




Yields [M ] 
30B 
20 


40A 
30 




40B 
30 




50A 
40 


50B 
40 


P 


8.77E4 


-00 


1.06E+ 


-01 


1.06E+01 


1.17E4 


-01 


1.17E4 


01 


1.40E+01 


1.40E+ 


-01 


1.63E+01 


1.63E+01 


d 


8.66E- 


■17 


2.10E- 


-16 


2.17E- 


-16 


4.19E- 


-14 


4.19E- 


-14 


4.43E- 


-12 


4.43E- 


-12 


1.23E — 15 


1.23E — 15 


3tt 


4.76E- 


-05 


2.11E- 


-04 


2. HE 


-04 


2.06E- 


-04 


2.06E- 


-04 


2.56E- 


-05 


2.56E- 


-05 


2.86E-05 


2.86E — 05 


4tt 

He 


5.98E+00 


8.07E+ 


-00 


8.06E+00 


9.64E4 


-00 


9.55E4 


-00 


1.21E4 


-01 


1.20E+01 


1.57E+01 


1.57E+01 


Li 


1.22E- 


-22 


3.06E- 


-20 


7.78E- 


-20 


1.37E- 


-16 


1.37E- 


-16 


1.47E- 


-14 


1.47E- 


-14 


2.00E — 18 


2.00E — 18 


Li 


2.79E- 


-10 


5.68E- 


09 


5.68E- 


-09 


2.36E- 


-08 


2.36E- 


-08 


3.50E- 


-11 


3.50E- 


-11 


8.78E — 12 


8.78E — 12 


y Be 


1.16E- 


-20 


3.12E- 


-17 


2.90E- 


-17 


6.90E- 


-18 


6.90E- 


-18 


6.87E- 


-16 


6.87E- 


-16 


9.43E — 17 


9.43E — 17 


B 


2.59E- 


-19 


1.95E- 


-15 


3.81E- 


-15 


5.17E- 


-16 


5.17E- 


-16 


2.20E- 


-14 


2.20E- 


-14 


9.04E — 18 


4.50E — 18 


B 


9.41E- 


-16 


7.26E- 


-15 


5.42E- 


-13 


3.94E- 


-14 


3.44E- 


-14 


6.67E- 


-13 


6.65E- 


-13 


1.13E — 14 


3.13E— 15 


12 r-i 

c 


1.95E- 


01 


2.91E- 


-01 


2.77E- 


-01 


3.25E- 


-01 


2.90E- 


-01 


4.26E- 


01 


4.15E- 


01 


1.61E+00 


1.24E+00 


13 

c 


9.95E- 


-09 


3.83E- 


-08 


7.78E- 


-08 


4.32E- 


-08 


4.14E- 


-08 


1.05E- 


-07 


1.04E- 


-07 


4.37E — 07 


3.75E-07 


14 "NT 

N 


5.43E- 


-05 


5.91E- 


-04 


5.93E- 


-04 


4.07E- 


-05 


4.05E- 


-05 


8.90E- 


-06 


8.70E- 


-06 


4.37E— 04 


4.37E — 04 


15 "NT 

N 


3.27E- 


-08 


1.77E- 


-07 


1.78E- 


-07 


2.13E- 


-07 


1.05E- 


-07 


7.01E- 


-07 


6.98E- 


-07 


3.05E— 07 


9.60E — 08 


16 /-v 


2.05E+00 


2.79E+00 


2.50E+00 


4.03E+00 


1.54E+00 


6.96E+00 


2.85E+00 


9.07E+00 


4.80E+00 


O 


7.06E- 


-08 


1.49E- 


-06 


1.49E- 


-06 


4.74E- 


-08 


3.59E- 


-08 


5.24E- 


-09 


3.71E- 


-09 


8.60E-06 


8.57E-06 


O 


2.34E- 


-08 


5.27E- 


-07 


3.90E 


-07 


2.71E- 


-07 


2.70E- 


-07 


3.01E- 


-07 


3.00E- 


-07 


6.80E-06 


6.79E-06 


19 T-l 


2.01E- 


-09 


1.49E- 


-09 


1.42E- 


-09 


7.54E- 


-09 


5.99E- 


-09 


2.97E- 


-08 


2.94E- 


-08 


9.35E-09 


4.56E-09 


u Ne 


7.61E- 


-01 


4.24E- 


01 


3.05E- 


-01 


5.58E- 


-01 


2.86E- 


-01 


3.06E- 


01 


2.70E- 


-01 


2.48E+00 


1.43E+00 


21 AT 

Ne 


3.44E- 


-05 


9.09E- 


-06 


7.92E- 


-06 


3.66E- 


-05 


2.67E- 


-05 


1.31E- 


-05 


1.13E- 


-05 


2.35E — 04 


1.31E— 04 


Ne 


5.61E- 


-05 


1.45E- 


-05 


9.07E- 


-06 


3.94E- 


-05 


2.30E- 


-05 


6.34E- 


-06 


5.16E- 


-06 


2.15E — 04 


1.25E— 04 


23 TIT 


2.33E- 


03 


7.58E- 


-04 


4.70E- 


-04 


7.75E- 


-04 


3.92E- 


-04 


1.31E- 


-04 


7.59E- 


-05 


4.24E — 03 


2.32E— 03 


04,, 

Mg 


1.62E- 


-01 


1.35E- 


01 


1.38E- 


-01 


2.09E- 


-01 


3.80E- 


-02 


3.79E- 


01 


1.01E- 


-01 


5.12E— 01 


2.18E — 01 


25,. 

Mg 


1.05E- 


-04 


3.47E- 


-05 


3.41E- 


-05 


1.36E- 


-04 


8.47E- 


-05 


2.97E- 


-04 


1.20E- 


-04 


2.96E— 04 


1.41E — 04 


26,. 

Mg 


2.09E- 


-04 


4.74E- 


-05 


4.12E- 


-05 


8.67E- 


-05 


3.03E- 


-05 


8.55E- 


-05 


2.49E- 


-05 


2.34E — 04 


1.16E— 04 


26 a 1 

Al 


5.29E- 


-06 


4.59E- 


-06 


4.35E- 


-06 


1.17E- 


-05 


3.51E- 


-06 


2.02E- 


-05 


8.02E- 


-06 


1.41E — 05 


8.44E — 06 


27 A 1 

Al 


1 48E- 


-03 


8 44E- 


-04 


8 72E- 


-04 


1 58E- 


-03 


1 91E- 


-04 


8 56E- 


-03 


1 12E- 


-03 


2.98E — 03 


1.01E — 03 


28n ■ 
Si 


9.31E- 


02 


2.83E- 


01 


1.96E- 


-01 


2.52E- 


-01 


3.31E- 


-02 


4.69E- 


-01 


9.11E- 


-02 


4.21E — 01 


1.48E — 01 


29n ■ 
Si 


2.69E- 


-04 


3.71E- 


-04 


4.48E- 


-04 


7.86E- 


-04 


5.88E- 


-05 


2.27E- 


03 


2.37E- 


-04 


7.59E — 04 


2.16E — 04 


30 <i ■ 
°"Sl 


1.20E- 


-04 


7.69E- 


-05 


6.95E- 


-05 


2.05E- 


-04 


1.90E- 


-05 


3.29E- 


03 


3.60E- 


-04 


2.28E — 04 


8.25E — 05 


31 p 


8.11E- 


-05 


9.14E- 


-05 


6.23E- 


-05 


1.58E- 


-04 


1.53E- 


-05 


9.93E- 


-04 


1.16E- 


-04 


2.19E — 04 


7.74E— 05 


32 n 

s 


3.91E- 


-02 


1.21E- 


-01 


7.70E- 


-02 


1.03E- 


-01 


1.77E- 


-02 


1.77E- 


-01 


4.24E- 


-02 


2.01E— 01 


7.70E — 02 


33n 

s 


1.44E- 


-04 


2.45E- 


-04 


1.76E- 


-04 


2.55E- 


-04 


1.92E- 


-05 


5.77E- 


-04 


5.79E- 


-05 


5.59E-04 


1.58E— 04 


34 n 
S 


1.61E- 


-04 


3.50E- 


-04 


5.51E- 


-05 


5.32E- 


-04 


4.36E- 


-05 


1.98E- 


-03 


2.00E- 


-04 


4.74E — 04 


1.57E — 04 


36n 


7.55E- 


-10 


1.39E- 


-10 


6.81E- 


-11 


1.23E- 


-09 


9.11E- 


-11 


5.07E- 


-08 


4.88E- 


-09 


6.52E — 11 


1.78E — 11 


35 ^-u 
CI 


4.57E- 


-05 


6.31E- 


-05 


2.78E- 


-05 


9.85E- 


-05 


1.47E- 


-05 


1.93E- 


-04 


3.76E- 


05 


1.61E— 04 


8.00E — 05 


CI 


2.21E- 


-05 


4.01E- 


-05 


2.24E- 


-05 


4.52E- 


-05 


6.46E- 


-06 


7.46E- 


05 


1.59E- 


-05 


9.19E — 05 


2.76E — 05 


3fi A 


6.53E- 


-03 


1.82E- 


-02 


1.24E- 


-02 


1.82E- 


-02 


3.56E- 


-03 


2.95E- 


-02 


8.45E- 


-03 


3.33E-02 


1.40E — 02 


38 a 

Ar 


7.42E- 


-05 


4.06E- 


-04 


2.64E- 


-05 


4.97E- 


-04 


3.75E- 


-05 


5.92E- 


-04 


6.04E- 


-05 


6.26E — 04 


1.74E — 04 


40 A 

Ar 


3.64E- 


-11 


1.44E- 


-11 


2.59E- 


-12 


2.12E- 


-11 


2.17E- 


-12 


2.45E- 


-10 


2.47E- 


-11 


5.33E — 12 


1.44E — 12 


39t^ 
K 


1.69E- 


-05 


6.74E- 


-05 


1.22E- 


-05 


9.09E- 


-05 


8.93E- 


06 


9.57E- 


-05 


1.41E- 


-05 


1.14E— 04 


4.14E — 05 


K 


4.18E- 


-09 


7.13E- 


-09 


8.73E- 


-10 


5.14E- 


-09 


3.66E- 


-10 


9.05E- 


-09 


8.66E- 


-10 


5.80E-09 


1.57E-09 


41 

K 


3.41E- 


-06 


1.06E- 


05 


3.71E- 


-06 


7.99E- 


-06 


6.40E- 


-07 


1.30E- 


05 


1.41E- 


-06 


1.62E — 05 


4.52E— 06 


"Ca 


4.73E- 


-03 


1.34E- 


-02 


1.01E- 


-02 


1.62E- 


-02 


3.41E- 


-03 


2.70E- 


-02 


8.62E- 


03 


2.40E — 02 


1.18E — 02 


42 Ca 


1.70E- 


06 


8.77E- 


06 


5.14E- 


-07 


1.63E- 


-05 


1.16E- 


-06 


1.47E- 


-05 


1.40E- 


-06 


2.05E-05 


5.57E-06 


43 Ca 


4.60E- 


-07 


2.69E- 


-07 


2.02E- 


-07 


5.68E- 


-07 


1.57E- 


-07 


6.15E- 


-07 


2.58E- 


-07 


9.35E-07 


6.54E-07 


44 Ca 


2.05E- 


-04 


1.68E- 


-04 


1.51E- 


-04 


4.93E- 


-04 


1.37E- 


-04 


8.70E- 


-04 


3.69E- 


-04 


1.26E-03 


8.82E-04 


46 Ca 


1.12E- 


-11 


5.12E- 


-12 


8.54E- 


-12 


2.78E- 


-12 


9.64E- 


-13 


1.69E- 


-11 


9.43E- 


-12 


1.55E-12 


4.20E-13 


48 Ca 


2.53E- 


-15 


1.03E- 


-11 


7.92E- 


-12 


4.12E- 


-13 


4.02E- 


-13 


1.71E- 


-12 


1.71E- 


-12 


3.57E-14 


9.67E-15 


45 Sc 


3.20E- 


06 


2.66E- 


06 


3.03E- 


-06 


1.13E- 


-05 


3.11E- 


06 


1.94E- 


-05 


8.13E- 


-06 


5.44E-06 


3.61E-06 


46 T; 


8.04E- 


06 


8.24E- 


-06 


3.69E- 


-06 


1.71E- 


-05 


3.07E- 


06 


1.49E- 


-05 


4.41E- 


06 


2.69E-05 


1.44E-05 


47 T; 


1.42E- 


05 


1.01E- 


-05 


8.39E- 


-06 


1.98E- 


-05 


5.51E- 


06 


2.25E- 


-05 


9.55E- 


06 


5.79E-05 


4.07E-05 


48 T ; 


2.30E- 


-04 


2.53E- 


-04 


2.13E- 


-04 


5.35E- 


-04 


1.49E- 


-04 


1.03E- 


03 


4.39E- 


-04 


1.29E-03 


9.07E-04 


49 T ; 


1.71E- 


-05 


1.86E- 


-05 


1.71E- 


-05 


5.02E- 


-05 


1.39E- 


05 


9.38E- 


-05 


3.98E- 


-05 


5.62E-05 


3.93E-05 


50 T ; 


5.55E- 


-13 


1.75E- 


-12 


3.58E- 


-12 


1.93E- 


-12 


8.27E- 


-13 


7.21E- 


-12 


2.65E- 


-12 


1.69E-12 


4.57E-13 


50y 


1.49E- 


-11 


9.90E- 


-11 


1.07E- 


-11 


1.17E- 


-10 


9.31E- 


-12 


1.05E- 


-10 


1.23E- 


-11 


1.44E-10 


3.89E-11 


Sly 


4.18E- 


05 


3.70E- 


-05 


2.84E- 


-05 


6.22E- 


-05 


1.72E- 


-05 


8.21E- 


-05 


3.48E- 


-05 


1.31E-04 


9.20E-05 



30 



Table 17 — Continued 



Species 










Yields [M Q ] 










Mass [Mq] 


20 


25 


25 


30A 


30B 


40A 


40B 


50A 


50B 


-E51 


10 


5 


10 


20 


20 


30 


30 


40 


40 



50 Cr 


2.08E- 


-05 


52 Cr 


8.68E- 


-04 


53 Cr 


4.44E- 


-05 


54 Cr 


2.90E- 


-10 


55 Mn 


9.23E- 


-05 


54 Fe 


5.65E- 


-04 


56 Fc 


8.41E- 


-02 


57 Fc 


1.27E- 


-03 


58 Fe 


3.22E- 


-10 


59 Co 


9.29E- 


-04 


58 Ni 


1.54E- 


-03 


60 Ni 


3.51E- 


-03 


61 Ni 


4.93E- 


-05 


62 Ni 


5.51E- 


-05 


64 Ni 


4.92E- 


-13 


63 Cu 


2.26E- 


-05 


65 Cu 


8.36E- 


-07 


64 Zn 


5.76E- 


-04 


66 Zn 


7.29E- 


-06 


67 Zn 


7.52E- 


-07 


68 Zn 


7.55E- 


-08 


70 Zn 


1.84E- 


-13 


69 Ga 


2.63E- 


-08 


71 Ga 


7.46E- 


-13 


70 Ge 


3.10E- 


-08 


72 Go 


4.43E- 


-12 


73 Ge 


1.15E- 


-12 


74 Ge 


1.27E- 


-12 



4.53E- 


-05 


2.01E- 


-05 


1.57E- 


-03 


1.33E- 


-03 


1.13E- 


-04 


9.41E- 


-05 


9.47E- 


-09 


9.93E- 


-11 


2.87E- 


-04 


2.26E- 


-04 


2.42E- 


-03 


1.47E- 


-03 


1.13E- 


-01 


1.01E- 


-01 


1.46E- 


03 


1.38E- 


-03 


2.92E- 


-09 


1.73E- 


-10 


9.93E- 


-04 


8.51E- 


-04 


1.79E- 


03 


1.65E- 


-03 


3.60E- 


03 


3.30E- 


-03 


4.33E- 


-05 


3.71E- 


-05 


4.85E- 


-05 


4.03E- 


-05 


3.38E- 


-12 


4.38E- 


-12 


2.06E- 


-05 


1.70E- 


-05 


8.25E- 


-07 


7.88E- 


-07 


5.24E- 


-04 


4.72E- 


-04 


6.25E- 


-06 


5.68E- 


-06 


6.36E- 


-07 


5.66E- 


-07 


6.89E- 


-08 


5.63E- 


-08 


1.53E- 


-13 


4.52E- 


-12 


1.92E- 


-08 


1.75E- 


-08 


1.23E- 


-12 


2.84E- 


-11 


2.19E- 


-08 


1.81E- 


-08 


2.23E- 


-12 


1.08E- 


-11 


1.52E- 


-12 


2.39E- 


-11 


7.00E- 


-13 


5.45E- 


-12 



7.01E- 


-05 


1.30E- 


-05 


1.87E- 


-03 


5.20E- 


-04 


1.21E- 


-04 


3.25E- 


-05 


1.93E- 


-08 


1.37E- 


-09 


3.33E- 


-04 


8.60E- 


-05 


2.94E- 


03 


6.02E- 


-04 


1.62E- 


-01 


4.51E- 


-02 


2.67E- 


03 


7.43E- 


-04 


9.60E- 


-09 


6.86E- 


-10 


1.56E- 


-03 


4.36E- 


-04 


3.39E- 


-03 


9.28E- 


-04 


7.41E- 


-03 


2.07E- 


-03 


8.34E- 


-05 


2.33E- 


-05 


8.84E- 


-05 


2.47E- 


-05 


4.65E- 


-12 


2.08E- 


-12 


3.67E- 


-05 


1.02E- 


-05 


2.37E- 


-06 


6.61E- 


-07 


1.21E- 


-03 


3.39E- 


-04 


1.66E- 


-05 


4.62E- 


-06 


1.73E- 


-06 


4.83E- 


-07 


1.33E- 


-07 


3.72E- 


-08 


1.60E- 


-12 


1.13E- 


-12 


5.19E- 


-08 


1.45E- 


-08 


2.97E- 


-12 


1.72E- 


-12 


4.93E- 


-08 


1.38E- 


-08 


6.56E- 


-12 


2.34E- 


-12 


6.92E- 


-12 


3.62E- 


-12 


2.57E- 


-12 


1.84E- 


-12 



7.56E- 


-05 


2.71E- 


-05 


4.58E- 


-03 


1.95E- 


-03 


2.77E- 


-04 


1.17E- 


-04 


3.51E- 


-09 


3.43E- 


-10 


6.30E- 


-04 


2.65E- 


-04 


3.70E- 


-03 


1.42E- 


-03 


2.81E- 


-01 


1.20E- 


-01 


4.27E- 


-03 


1.82E- 


-03 


2.97E- 


-09 


2.99E- 


-10 


2.19E- 


-03 


9.33E- 


-04 


5.04E- 


-03 


2.12E- 


-03 


1.06E- 


-02 


4.53E- 


-03 


1.22E- 


-04 


5.20E- 


-05 


1.31E- 


-04 


5.59E- 


-05 


1.23E- 


-11 


1.23E- 


-11 


5.59E- 


-05 


2.38E- 


-05 


4.23E- 


-06 


1.80E- 


-06 


1.86E- 


-03 


7.93E- 


-04 


2.83E- 


-05 


1.21E- 


-05 


2.94E- 


-06 


1.25E- 


-06 


1.74E- 


-07 


7.40E- 


-08 


8.04E- 


-12 


8.04E- 


-12 


8.18E- 


-08 


3.49E- 


-08 


1.72E- 


-11 


1.71E- 


-11 


7.30E- 


-08 


3.11E- 


-08 


6.35E- 


-12 


5.98E- 


-12 


3.00E- 


-11 


2.97E- 


-11 


1.54E- 


-11 


1.54E- 


-11 



7.67E- 


-05 


4.10E- 


-05 


3.99E- 


-03 


2.81E- 


-03 


1.79E- 


-04 


1.24E- 


-04 


1.59E- 


-08 


4.29E- 


-09 


3.98E- 


-04 


2.68E- 


-04 


2.83E- 


-03 


1.69E- 


-03 


3.71E- 


-01 


2.61E- 


-01 


6.23E- 


-03 


4.38E- 


-03 


6.81E- 


-09 


1.84E- 


-09 


3.27E- 


-03 


2.30E- 


-03 


6.20E- 


-03 


4.31E- 


-03 


1.59E- 


-02 


1.12E- 


-02 


1.92E- 


-04 


1.35E- 


-04 


2.04E- 


-04 


1.44E- 


-04 


7.15E- 


-12 


1.94E- 


-12 


8.75E- 


-05 


6.15E- 


-05 


5.59E- 


-06 


3.93E- 


-06 


2.58E- 


-03 


1.81E- 


-03 


3.56E- 


-05 


2.51E- 


-05 


2.81E- 


-06 


1.98E- 


-06 


7.00E- 


-07 


4.92E- 


-07 


4.72E- 


-12 


1.28E- 


-12 


1.32E- 


-07 


9.25E- 


-08 


9.27E- 


-12 


2.63E- 


-12 


1.12E- 


-07 


7.87E- 


-08 


2.48E- 


-11 


6.79E- 


-12 


1.47E- 


-11 


4.18E- 


-12 


3.97E- 


-12 


1.11E- 


-12 



Table 19 

Yields of unstable isotopes for the models with the Y c and "low-density" modifications. 



Species Yields [M ] 



Mass [Mq] 


20 




25 




25 




30A 




30B 




40A 




40B 




50A 




50B 






10 




5 




10 




20 




20 




30 




30 




40 




40 




22 Na 


4.74E- 


-05 


1.09E- 


-05 


6.81E- 


06 


3.00E- 


-05 


1.54E- 


-05 


4.11E- 


-06 


3.33E- 


-06 


1.82E- 


-04 


1.06E- 


-04 


26 Al 


8.17E- 


-07 


9.13E- 


-07 


1.04E- 


-06 


2.57E- 


06 


9.78E- 


-07 


4.26E- 


-06 


1.22E- 


-06 


7.45E- 


-06 


3.74E- 


-06 


41 Ca 


3.40E- 


-06 


1.06E- 


-05 


3.69E- 


-06 


7.94E- 


-06 


6.26E- 


-07 


1.30E- 


-05 


1.37E- 


-06 


1.62E- 


-05 


4.52E- 


-06 


44 Ti 


2.05E- 


-04 


1.68E- 


-04 


1.51E- 


-04 


4.93E- 


-04 


1.37E- 


-04 


8.70E- 


-04 


3.69E- 


-04 


1.26E- 


-03 


8.82E- 


-04 


60 Fc 


2.45E- 


-13 


2.25E- 


-13 


9.60E- 


-13 


5.11E- 


-13 


2.34E- 


-13 


2.74E- 


-12 


2.74E- 


-12 


1.69E- 


-12 


4.60E- 


-13 


56 Ni 


8.41E- 


-02 


1.12E- 


01 


1.01E- 


-01 


1.62E- 


-01 


4.51E- 


-02 


2.81E- 


01 


1.20E- 


-01 


3.71E- 


-01 


2.61E- 


-01 


57 Ni 


1.27E- 


03 


1.46E- 


03 


1.38E- 


-03 


2.66E- 


03 


7.43E- 


-04 


4.27E- 


03 


1.81E- 


03 


6.22E- 


-03 


4.37E- 


-03 
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Fig. 1. 

mass of th e progenitor for core - collapse SNe (SN 1987A , IShigevama fc Nomoto 1990, Blinniko v et al 
SN 1993J.fNomoto et a l.lll993 L IShigevama et al.lll994t SN 19941. iNomoto et alJ ll994L llwamoto et al. 
Sauer et al.l 120061: S N 1997D. iTuratto et al.lll998l IZampieri et al.ll2003[ SN 1997ef. llwamoto et~ ._ 
Mazzali et al.ll2000l: SN 1998bw71lwamoto et al.lll998l iNakamura et allboOlat SN 1999br. IZampieri et al 



1994, 



2000 



20031 SN 20 02ap. IMazzali et alj|2002l iTomita et al.ll2006t SN 2003dh. iMazzali et~aLll2003l. LDeng et alJ 



SN 20031w. IMazzali et alJl2006at SN 2004aw. iTaubenberger et all 12009 : SN 2005bf. iTominaga et al.l 
SN 2006ai. IMazzali et al.ll2006bh . 
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■ ' He ' Be ' C ' 6 ' Ne ' Mg Si ' S ' Ar ' Ca Ti 
-(&) 2OM , E 51 =10 -4.2<[Fe/H]<-3.5 (EMP stars) 
mix 1.52-2.05, f=0.28, 56 Ni=0.08 



Cr ' Fe Ni Zn ' 




He Be C Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn 
(C) 30M Q , E 51 =20 -4.2<[Fe/H]<-3.5 (EMP stars) 



30A: mix 1.65-3.59. f=0.17, 
30B: mix 1 .65-7.01 , f=0.05, 



_Ni=0.16 
D Ni=0.05 



CD 



X 




: He Be C 
(e) 50M. 



Mg 



-51 



=40 



S Ar Ca Ti Cr Fe Ni 

4.2<[Fe/H]<-3.5 (EMP stars) 

50A: mix 1 .89-4.49. f=0.28, ^Ni=0.36 
50B: mix 1.89-13.05, f=0.18, Ni=0.23 




He Be C 
25M,- 



■(b) 



E B1 -10 



e Mg Si S Ar Ca Ti Cr Fe Ni Zn 

-4.2<[Fe/H]<-3.5 (EMP stars) 
mix 1.79-3.07, f=0.1 6, 5G Ni=0.10 



He Be C Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn 

.(d) 40M |7! , E 51 =30 -4.2<[Fe/H]<-3.5 (EMP stars) 



40A: mix 2.24-6.00, f=0.12, „Ni=0.26 
40B: mix 1.65-11.16, f=0.05, sb Ni=0.11 



Fig. 3. — The comparison between the abundance pattern of the EMP stars given bv lCA04j (filled circles with 
error bars) and the theoretical individual HN yields (case A: solid line, case H:dashed line) with the mixing- 
fallback model. The parameters are shown in the figures and in Table [TJ Figures show the comparisons with 
(a) M MS = 2OM , Ebi = 10, (b) M MS = 25M , E 51 = 10, (c) M MS = 3OM , E 51 = 20, (d) M MS = 4OM , 
E 51 = 30, and (e) M MS = 50M Q , E 51 = 40. 
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f=1, 56 Ni=0.07, M cut =1.57 
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Fig. 4. — The comparison between the abundance pattern of the VMP stars given bv lCA04l (filled circles 
with error bars) and the theoretical individual normal SN yields (solid line). Figures show the comparisons 
with (a) M MS = 13M , E 51 = 1, (b) M MS = 15M Q , E 51 = 1, and (c) M MS = 18M Q , E 51 = 1. 
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Fig. 5.— Same as Figured but for the IMF-integrated yield of Pop III SNe from 10M© to 50 M Q . The 
mixing- fallback model is applied for HN models, not for normal SN models. In case A (solid line), all HN 
models are determined their mixing-fallback parameters so that [O/Fe] = 0.5, but in case B (dashed line), 
massive HN models larger than Mms — 30Af© has mixing-fallback parameters so that [Mg/Fe] = 0.2. 
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6. — The compar i son between the JX/Fel trends of observed stars [the previous st udies (e.. 



Gratton & Sneden 1991: Sneden et al.l 


19911 lEdvardsson et all 1993: McWilliam et al. 


1995aibl: Rvan et al. 


1996; 


McWilliam 19971 


Carretta et al. 


2000: IPrimas et al. 2000: Gratton et al. 12003: 


Bensbv et all 2003): 


cross, 


CA04I; oven circle. 


HO04; oven sauare] and those of individual stars models (normal SNe: filled circle; 



HNe with case A: filled triangle, HNe with case B: filled rhombus) and IMF integration (filled square). The 
parameters are shown in Table [1] 
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Fig. 7.— Same as Fig. El but for M M s = 25M , £51 = 5. 
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Fig. 8. — The comparison between the abundance pattern of the C-rich EMP star (CS 29498-043: lAoki et al 



2004L filled circles with error bars) and the theoretical faint SN yields (25F: solid line). The mixing-fallback 
parameters are determined so as to reproduce the abundance pattern of CS 29498-043. 
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Models with the Y e modification. 



Fig. 9. — Same as Fig. [3j but models are applied the Y e modification. Figures (a)-(c) show the comparisons 
between the abundance pattern of the VMP stars (filled circles with error bars) and the normal SN models 
with the Y c correction (solid line), (a) Mms = 13M , E51 = 1, (b) Mms = 15M , E51 = 1, and (c) 
Mms = 18Mq, E51 = 1. Figures (d)-(i) show the comparisons between the abundance pattern of the EMP 
stars (filled circles with error bars) and the HN models with the Y e modification (case A: solid line, case 
B:dashed line), (d) M MS = 2OM , E 51 = 10, (e) M MS = 25M , E 51 = 10, (f) M MS = 30M Q , E 51 = 20, (g) 
M MS = 40M Q , E 51 = 30, (h) Mms = 50M Q , E 51 = 40, and (i) M MS = 25M , E 51 = 5. Figures (j) shows 
the comparisons between the abundance pattern of the VMP stars (filled circles with error bars) and the 
IMF-integrated yield of Pop III SNc from 1OM to 50 M with (a)-(h) models. 
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Models with the Y e and 
"low-density" modifications. 



Fig. 10. — Same as Fig. [3l but models are applied the Y c and "low-density" modifications. Figures (a)-(f) 
show the comparisons between the abundance pattern of the EMP stars (filled circles with error bars) and 
the HN models with the Y c and "low-density" modifications (case A: solid line, case B: dashed line), (a) 
M MS = 20M Q , E 51 = 10, (b) M MS = 25Af , E 51 = 10, (c) Mus = 30M Q , E 51 = 20, (d) M MS = 4OM , 
-E51 = 30, (e) M M s = 50M Q , E 5 i = 40, and (f) M M s — 25A/ Q , E 5 i = 5. Figures (g) shows the comparisons 
between the abundance pattern of the VMP stars (filled circles with error bars) and the IMF-integrated yield 
of Pop III SNe from 10M Q to 50 M with normal SN (Figs.fSibc) and (a)-(e) HN models. 
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Same as Fig. [6j but for the comparisons with models applied the Y e and "low-density" modifica- 
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Fig. 12. — The illustration of the mixing-fallback model. The central black region is the initial mass cut, that 
is, inside the inner boundary of the mixing region, M cut (ini). The mixing region is enclosed with the dotted 
line. A fraction / of the materials in the mixing region ejected to the interstellar space. The rest materials, 
locating in the blue region, fallback into the central remnant, (a) 1-dimensional picture. The materials 
mixed up to a given radius, and a part of the materials are ejected, (b) 2-dimensional picture. While the 
all materials in the outer region above Af m j x (out), are ejected, the materials in the mixing region may be 
ejected only along the jet-axis. In the jet-like explosion, the ejection factor / depends on the jet-parameters 
(e.g., an opening angle and an energy deposition rate). 
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Fig. 13. — The abundance distribution ( 56 Ni; solid line, 64 Zn; dashed line) of the 25 Mq, £51 = 10 model 
around complete and incomplete Si burning region. In the inner part (M r < 1.8Mq) the Zn/Fe ratio is 
smaller bec ause of lower Y c (dotted line). Af cu t(ini) (dotted and dashed line) is where X( Zn) is smaller, i.e., 
Y c < 0.5, as lUN05l . 
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Fig. 14. — The abundance distribution of the 30 Mq, E$i — 20 model. The mixing regions of cases A and 
B are illustrated with arrows. 
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